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ABSTRACT 
 
Perennial clovers are being evaluated for their potential to reduce 
groundwater levels in Australian cropping zones where many soils are considered 
too acidic for reliable lucerne nodulation. However, the release of effective inocula 
for perennial clovers into such areas where sub clover is the predominant legume, 
could potentially compromise nitrogen fixation from this valuable annual clover if 
the symbiosis between the new inoculants and sub clover is not optimal. Studies 
were therefore designed to increase our understanding of these symbiotic 
interactions to optimise the management of legume-rhizobia interactions to extend 
(rather than restrict) the use of legumes in new environments. 
To assist the understanding of interactions between clovers and their micro-
symbionts, a glasshouse-based study of the cross-inoculation characteristics of 38 
strains of Rhizobium leguminosarum biovar trifolii (R. l. trifolii) associated with 38 
genotypes of annual and perennial Trifolium spp. from world centres of diversity 
was undertaken. Rhizobial isolates and clovers were assembled from South and 
equatorial Africa, North and South America and the Euro-Mediterranean regions. 
There was substantial specificity amongst the African clovers for effective 
nodulation. No strain of rhizobia from the South American perennial T. 
polymorphum,  or from the Ethiopian clovers, was able to nodulate sub clover 
effectively, whilst less than 33% of the 18 strains from these regions could form 
nodules with the less promiscuous Mediterranean annual T. glanduliferum. Seventy 
of 476 cross-inoculation treatments examined did not nodulate, whilst 81 
treatments clearly demonstrated effective nodulation. The remainder of the cross-
inoculation pairings revealed only partially effective or ineffective nodulation. Two 
barriers to effective nodulation were identified from the cross-inoculation study: a 
geographic barrier representing the broad centres of clover diversity, across which ABSTRACT 
 
V 
few host-strain combinations were effective; and within each region, a significant 
barrier to effective nodulation between an isolate from an annual host on a 
perennial host, or vice versa. Clovers and their rhizobia from within the Euro-
Mediterranean region of diversity were more able to overlap the annual/perennial 
barrier than genotypes from the other regions. The data indicate that it will be a 
substantial challenge to develop inocula for perennial clovers that do not adversely 
affect nitrogen fixation by sub clover and other annual clovers in commerce, 
especially if the perennial clovers originate from Africa or America.  
To investigate the management of legume-rhizobia interactions when 
introducing legumes into new environments, a study was initiated in Uruguay 
(Mediterranean annual clovers were introduced into a predominantly perennial 
clover setting) that could be considered opposite to the situation emerging within 
southern Australia (perennial clovers evaluated in a predominantly annual clover 
setting). The Uruguayan grasslands contain populations of indigenous R. l. trifolii 
that nodulate endemic T.  polymorphum but form ineffective nodules on clovers 
originating from the Mediterranean region. Importantly in the Uruguayan setting, 
Government policy has facilitated the introduction of numerous varieties of annual 
Mediterranean clovers with the aim of improving overall winter production in their 
naturally managed grasslands. In an attempt to understand the rhizobial ecology of 
this scenario, a cross-row experiment was set-up in 1999 in a basaltic, acid soil in 
Glencoe, Uruguay, to follow the survival and symbiotic performance of nine exotic 
strains of R. l. trifolii. In this thesis I report on the ability of the introduced strains to 
compete for nodule occupancy of Mediterranean clover hosts and show the 
impacts of the introduced strains on the productivity of the indigenous Uruguayan 
clover,  T. polymorphum. Of the introduced strains, WSM1325 was a superior 
inoculant and remained highly persistent and competitive in forming effective 
symbioses with the Mediterranean hosts, T. purpureum and T. repens, in the ABSTRACT 
 
VI 
Uruguayan environment over a 3 year period. T. purpureum and T. repens, when 
inoculated with the introduced strains, did not nodulate with any indigenous R. l. 
trifolii  as typed from nodules of T. polymorphum. Conversely, there were no 
nodules on the Uruguayan host T. polymorphum that contained the introduced R. l. 
trifolii. These results revealed that there were effective symbioses between strains 
of R. l. trifolii and clovers, even though the soil contained ineffective R. l. trifolii for 
all hosts. This represents the first reported example of selective nodulation for an 
effective symbiosis in situ with annual and perennial clovers in acid soils. This 
phenomenon raised the question of whether this was restricted to the particular 
edaphic scenario in Glencoe, Uruguay. 
Glasshouse-based experiments in Australia were conducted to further 
understand the selection phenomenon. Two strains were selected for comparisons; 
strain WSM1325 isolated from an annual clover in the Mediterranean and 
WSM2304 isolated from the perennial clover T. polymorphum in Uruguay, South 
America. Variables that may have been specific to Glencoe were investigated. 
Thus, the effect of cell density and strain ratio at the time of inoculation, as well as 
soil pH, were examined on the two hosts (T. purpureum and T. polymorphum). 
Each was exposed to the same effective and ineffective micro-symbionts. In 
co-inoculation experiments at a cell density of 10
4 cells mL
-1, each host nodulated 
solely with its effective strain, even when this strain was out-numbered 100:1 by the 
ineffective strain. However, the selection process ceased when the effective strain 
was out-numbered 1000:1. At higher basal cell concentrations of 10
5 - 10
8 cells   
mL
-1, selection for WSM1325 to form effective nodules on T. purpureum was 
evident, but was significantly reduced as the ratio of ineffective cells in the inoculum 
increased above 4-fold. These results indicate that the selection mechanism is 
highly dependent upon the basal rhizobial cell density. Soil pH did not significantly ABSTRACT 
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alter the process, which could not be simply explained by the rate of strain growth, 
or extent of nodulation. 
Greater precision was sought in the terminology applied to nodulation 
outcomes where legumes have a choice of micro-symbiotic partners from within the 
same species of root-nodule bacteria. The nominated preferred terms are “non-
selective”, “exclusive”, and “selective” nodulation.  
In view of the difference in host range between WSM1325 and WSM2304 
and the selective nodulation process, a preliminary investigation into the genetic 
backgrounds of WSM1325 and WSM2304 was conducted. A selected range of 
gene regions were amplified by PCR from each strain and sequenced. 
Comparative analysis of the nucleotide sequences revealed that although the 16S 
rRNA sequences were identical, the atpD, GSII and nodD sequences contained 
distinct differences revealing disparity between the pSym replicons and between 
the chromosomal replicons of these strains. Of the genes sequenced, the highest 
degree of divergence was noted for the symbiotic NodD protein products, which are 
known to be critical determinants in the nodulation of specific hosts. An 
examination of the nodD gene region of WSM1325 and WSM2304 revealed a 
further contrasting feature; the regulatory gene nodR was present in the nodD gene 
region of WSM1325 but absent in WSM2304. Since NodR is known to be required 
for adding highly unsaturated fatty acyl groups onto the Nod-factor backbone, I 
could now hypothesise that the nodulation incompatibility observed between 
Trifolium hosts and micro-symbionts obtained from different geographical locations 
may result from differences in Nod-factor decoration. With the full genome 
sequence of the two strains WSM1325 and WSM2304 soon to be available, the 
role of nodR and any link to the selection phenomenon described in this thesis can 
be addressed.  DECLARATION 
 
VIII 
 
DECLARATION 
I declare that this thesis is my own account of my research and 
contains as its main content work which has not previously 
been submitted for a degree at any tertiary education institution.  
 
 
 
Ronald John Yates  
 
IX 
TABLE OF CONTENTS 
Page 
PUBLICATIONS ARISING FROM THE THESIS    ...................................................   I 
ACKNOWLEDGEMENTS  ......................................................................................   II 
ABSTRACT     .........................................................................................................   IV 
CHAPTER 1:  LITERATURE REVIEW    ..................................................................   1 
1.1  Symbiotic nitrogen fixation in legumes   ................................................   2 
1.1.1  Legumes and their importance    ................................................   2 
1.1.2 Rhizobia and Rhizobium leguminosarum biovar trifolii    ............   5 
1.1.3  Survival of rhizobia in soil    ........................................................   8 
1.1.3.1  Diversity of soil rhizobia   .............................................   9 
1.1.3.2  Techniques to aid in identifying rhizobia   ....................   11 
1.2  Legume nodulation – a complex relationship    ......................................   12 
1.2.1  Symbiotic communication, colonisation and effective 
nodule  formation   ................................................................................   13 
1.2.1.1  Molecular signal recognition and interaction    ..............   14 
1.2.1.2  Nodulation genes and host specificity   .......................   17 
1.2.2  The physiology and epidemiology of nodule formation   ...........   19 
1.2.2.1  Intracellular infection and nodule development   .........   19 
1.3  Challenges to legume symbioses in southern Australian agriculture    ..   20 
1.3.1 Salinity      .....................................................................................   20 
1.3.2  A solution through the use of alternative perennial 
legumes   ..............................................................................................   21 
1.3.2.1  Trifolium L. (clovers)   ..................................................   22 
1.3.3  Soil acidity   ...............................................................................   24 
1.3.3.1  Effect of pH on the legume-rhizobia symbiosis    ..........   25 
1.3.3.2  pH effects on free-living rhizobia in the soil   ...............   27 
1.3.3.3  pH effects on symbiotic communication, 
attachment and infection thread formation  .................   28 
1.4  Nodulation outcomes in agricultural soils   ............................................   29 
1.4.1  Competition between rhizobia for nodulation   ..........................   29 
1.4.1.1 Competition  of  R. l. trifolii strains inagricultural 
soils    ............................................................................   32 
1.4.2  Soil and biological factors influencing rhizobial 
competition    ..........................................................................................   35 
1.4.2.1  Can legumes and rhizobia influence the 
establishment of their symbiosis?   ..............................   37 
1.5 Research  Aims   ....................................................................................   42 
1.5.1  Background   .............................................................................   42 
1.5.2  Aims for this research thesis   ...................................................   45  
 
X 
TABLE OF CONTENTS 
Page 
CHAPTER 2:  THE SYMBIOTIC INTERACTIONS OF RHIZOBIUM 
LEGUMINOSARUM BIOVAR TRIFOLII WITH ANNUAL AND 
PERENNIAL TRIFOLIUM SPP. FROM DIVERSE CENTRES 
OF ORIGIN.    ....................................................................................    46 
2.1 Introduction   ..........................................................................................   47 
2.2  Materials and methods   ........................................................................   49 
2.2.1  Effectiveness experiments   .......................................................    49 
2.2.1.1  Experimental preparation, inoculation and 
sowing   ........................................................................    49 
2.2.1.2  Growing conditions, harvesting and statistical 
analysis   ......................................................................    49 
2.3 Results   .................................................................................................   55 
2.3.1  Experiment A   ...........................................................................    55 
2.3.2  Experiment B   ...........................................................................    57 
2.3.3  Experiment C   ...........................................................................    58 
2.4 Discussion   ...........................................................................................   61 
CHAPTER 3:  COMPETITIVE ABILITY AND PERSISTENCE OF 
EURO-MEDITERRANEAN CLOVERS AND THEIR 
MICRO-SYMBIONTS WHEN INTRODUCED INTO THE 
NATURAL GRASSLANDS OF URUGUAY.   ...................................    67 
3.1 Introduction   ..........................................................................................   68 
3.2  Materials and methods   ........................................................................   71 
3.2.1  Most probable number of rhizobia in Uruguayan soil    ...............   71 
3.2.2  Experimental design (year 1)   ...................................................    71 
3.2.3  Site and preparation   ................................................................    73 
3.2.4  Inoculation and Sowing    ............................................................    73 
3.2.5  Sampling (year 1)   ....................................................................    75 
3.2.6  Experimental design and sampling (year 2)    .............................   75 
3.2.7  Isolation and authentication of rhizobia   ...................................    75 
3.2.8  Molecular fingerprinting with primer RPO1   ..............................    76 
3.3 Results   .................................................................................................   78 
3.3.1  Soil analysis   .............................................................................    78 
3.3.2  Most probable number of rhizobia in Uruguayan soil    ...............   79 
3.3.3  Strain performance (year 1)   .....................................................    79 
3.3.4  Strain persistence (year 2)    .......................................................    81 
3.3.5  Molecular fingerprinting with primer RPO1   ..............................    83 
3.4 Discussion   ...........................................................................................   85  
 
XI 
TABLE OF CONTENTS 
Page 
CHAPTER 4:  EVIDENCE OF SELECTION FOR EFFECTIVE 
NODULATION IN THE TRIFOLIUM SPP. SYMBIOSIS WITH 
RHIZOBIUM LEGUMINOSARUM BIOVAR TRIFOLII.   ..................   87 
4.1 Introduction   .........................................................................................   88 
4.2  Materials and methods   ........................................................................   90 
4.2.1  Cross-row experiment (year 3)    ................................................   90 
4.2.2  Isolation and authentication of rhizobia   ...................................   90 
4.2.3  PCR amplification and analysis    ...............................................   91 
4.2.4  Effectiveness studies    ...............................................................   92 
4.3 Results   ................................................................................................   94 
4.3.1  PCR fingerprint analysis    ..........................................................   94 
4.3.2  Identification of nodule occupants   ...........................................   95 
4.3.3  Effectiveness experiments   ......................................................  100 
4.4 Discussion   ...........................................................................................  102 
CHAPTER 5:  HOST-STRAIN MEDIATED SELECTION FOR AN 
EFFECTIVE N2 FIXING SYMBIOSIS BETWEEN 
TRIFOLIUM SPP. AND RHIZOBIUM LEGUMINOSARUM 
BIOVAR TRIFOLII.    .........................................................................  106 
5.1 Introduction   .........................................................................................  107 
5.2  Materials and methods   ........................................................................  109 
5.2.1  Hosts and bacterial strains   ......................................................  109 
5.2.2  Growth rate determination    .......................................................  109 
5.2.3  Design for GH experiments   .....................................................  109 
5.2.3.1  Soil types and planting    ...............................................  110 
5.2.3.2  Preparation of inoculant cultures for GH 
experiments I, II and III   ..............................................  111 
5.2.3.3  GH experiment I - Nodule occupancy of 
T. purpureum and T. polymorphum after co-
inoculation with WSM1325 and /or WSM2304 at 
low cell densities   ........................................................  112 
5.2.3.4  GH experiment II - Nodule occupancy on 
T. purpureum grown in acid, neutral or alkaline 
soil after co-inoculation with WSM1325 and /or 
WSM2304 at low cell densities   ..................................  113 
5.2.3.5  GH experiment III - Nodule occupancy on 
T. purpureum following co-inoculation with 
WSM1325 and/or WSM2304 at high cell 
densities    .....................................................................  114 
5.2.3.6  GH experiment IV - Rate of nodule initiation   .............  114 
5.2.4  Assessment of nodule occupancy   ...........................................  115 
5.2.4.1.  ERIC DNA fingerprint construction and analysis  
 .....................................................................................  115 
  
 
XII 
TABLE OF CONTENTS 
Page 
5.2.5   DNA amplification for nodD sequencing ...................................   115 
5.2.5.1  DNA sequencing and analysis   ...................................   117 
5.2.5.2  Sequence accessions   ................................................   118 
5.2.6  Construction of genetic maps of the nodD regions   ..................   118 
5.2.7  Statistical analyses   ..................................................................   118 
5.3 Results   .................................................................................................  120 
5.3.1  Glasshouse experiment I – Nodule occupancy of 
T. purpureum and  T. polymorphum after co-inoculation 
at low cell densities   ..................................................................   120 
5.3.2  Glasshouse experiment II - Nodule occupancy of 
T. purpureum  co-inoculated at low cell densities in an 
acid, neutral or alkaline soil  ......................................................   123 
5.3.3  Glasshouse experiment III - Nodule occupancy of 
T. purpureum following co-inoculation at high cell 
densities    ...................................................................................   125 
5.3.4  Validation of nodule occupancy   ...............................................   126 
5.3.5  Experiment IV - Rate of nodule initiation    ..................................  127 
5.3.6  Phylogeny of WSM1325 and WSM2304 and gene 
similarity   ..............................................................................................  127 
5.3.7  Comparison of the nodD regions of R. l. trifolii strains 
WSM1325 and WSM2304   .......................................................   132 
5.4 Discussion   ...........................................................................................  134 
CHAPTER 6:  GENERAL DISCUSSION   ...............................................................  141 
6.1  Symbiotic interactions of annual and perennial Trifolium 
spp.with R. l. trifolii   ...............................................................................  142 
6.2   Future work: Exploring the basis of incompatibility between 
annual and perennial clovers and their micro-symbionts   ..........................   152 
References   ....................................................................................................   156 
  
 
XIII 
LIST OF FIGURES 
Page 
Figure 1.1.  T. polymorphum at reproduction stage growing in a natural  
grassland located at Tacuarembo, Uruguay.    .............................   44 
Figure 1.2.  The Euro-Mediterranean annual clover T. purpureum in             
flower.   ........................................................................................   44 
Figure 2.1.  Dry weight of shoots (% of +N control) produced on the 
Euro-Mediterranean annual clovers T. subterraneum and 
T. glanduliferum and the South American perennial clover 
T. polymorphum by strains of R. l. trifolii from different 
centres of diversity.    ....................................................................    56 
Figure 2.2.  Dry weight of shoots (% of +N control) produced on 
African annual clovers (A) T. rueppellianum, T. mattirolianum  
and T. steudneri and perennial clovers (P) 
T. cheranganiense, T. burchellianum and T. usamburense,  
by strains of R. l. trifolii.  ..............................................................   58 
Figure 3.1.  Experimental block design of treatments including  
9 inoculant strains and an uninoculated treatment.   ...................   72 
Figure 3.2.  Diagrammatic representation of the plot management over 
2 years (1999-2000) at the Glencoe field trial site, Uruguay. 
In the first year, inoculated T. vesiculosum seed was 
introduced into the soil at 1 g m
-1. In the second year, 
uninoculated seed (surface sterilised) of T. vesiculosum, 
T. purpureum and T. spumosum was sown across the 
original row at 1 g m
-1.   ...............................................................   74 
Figure 3.3.   Shoot dry weight of T. vesiculosum (g plant
-1) sown on the 
20
th April 1999 and harvested on the 17
th September 1999 
(18 weeks) when inoculated with 9 strains of R. l. trifolii and 
the uninoculated control (UNINOC) from the Glencoe field 
site, Uruguay (1999) in the first year of the cross-row 
experiment.  .................................................................................   80 
Figure 3.4.   Mean nodule number present per ten T. vesiculosum plants 
and percentage of plants not nodulated (% above columns) 
when harvested on the 17
th September 1999 after being 
inoculated with 9 strains of R. l. trifolii from the Glencoe field 
site, Uruguay (1999) in the first year of the cross-row 
experiment.   ................................................................................   81 
Figure 3.5.  Visual biomass ratings from the Glencoe field site on the 
15
 th September 2000, Uruguay, of inner (0-25 cm) and outer 
(26-50 cm) second year cross-rows of T. purpureum 
sown as uninoculated seed on the 15
th June 2000 into plots 
previously inoculated with nine strains of R. l. trifolii, and 
uninoculated controls.    ................................................................   82 
Figure 3.6.  Second year cross-rows growth response at the Glencoe 
field site, Uruguay, when uninoculated T. purpureum seed 
was sown on the 15
th June into plots previously inoculated 
with 9 strains of R. l. trifolii, and uninoculated controls.   .............   83  
 
XIV 
LIST OF FIGURES 
Page 
Figure 4.1.  Diagrammatic representation of the individual trial plots that 
was managed over three years (1999-2001) at the Glencoe, 
Uruguay, field trial site.    ...............................................................    91 
Figure 4.2.   UPGMA cluster analysis dendrogram displaying similarity of 
fingerprint profiles generated from the ERIC primer pair for 
the 9 introduced strains of R. l. trifolii.   ........................................    96 
Figure 4.3.   UPGMA cluster analysis dendrogram displaying similarity of 
fingerprint profiles generated from the ERIC primer pair for 
the 9 introduced strains of R. l. trifolii and 44 strains isolated 
from T. polymorphum sampled within plots inoculated with 
WSM1325 or WSM1328 two years previously.   ..........................    97 
Figure 5.1.   Mean total shoot dry weight (DW mg plant
-1) expressed as a 
logarithm and the square root of the mean number of 
nodules [pink = effective or white = ineffective] produced by 
T. purpureum and T. polymorphum plants when inoculated 
separately with 1 mL [approximately 1 x 10
4 total cells) of 9 
different combinations of WSM1325 and WSM2304 in soil 
NG (pH (0.01M CaCl2) = 6.9], represented as logit % 
WSM2304 / total number of cells.   ..............................................   122 
Figure 5.2.   Mean total shoot dry weight (DW mg plant
-1) expressed as a 
logarithm and the square root of the mean number of 
nodules [pink = effective or white = ineffective] produced by 
T. purpureum plants when   inoculated separately with 1 mL 
(approximately 2 x 10
4 total cells) of 4 different combinations 
of WSM1325 and WSM2304 in soils HM (pH (0.01M CaCl2) 
= 7.9), NM (pH (0.01M CaCl2) = 6.9) and AM (pH (0.01M 
CaCl2) = 4.9), represented as logit % WSM2304 / total 
number of cells.   ..........................................................................   124 
Figure 5.3.  Total shoot dry weight (DW mg plant
-1) expressed as a 
logarithm and the square root of number of nodules [pink = 
effective or white = ineffective] produced by T. purpureum 
plants when inoculated separately with soil NG (pH (0.01M 
CaCl2) = 6.9) after co-inoculation with WSM1325 and 
WSM2304, represented as logit % WSM2304 / total number 
of cells.   .......................................................................................   126 
Figure 5.4.  Nucleotide sequence identity % between strains WSM2304 
and WSM1325, and a range of Type strains of rhizobia, for a 
560 bp segment of the glutamine synthetase gene (GSII) 
and a 450 bp segment of the gene coding for the β subunit of 
the membrane ATP synthase (atpD).    .........................................   129 
Figure 5.5.  NodD phylogenetic tree of different R. l. viciae and R. l. trifolii         
strains.    ........................................................................................  130  
 
XV 
LIST OF FIGURES 
   Page 
Figure 5.6.  Diagrammatic representation of the single nod region  
in DNA of R. l. trifolii strains WSM2304 and WSM1325.   ...........  133 
Figure 6.1.  Conceptual diagram of nodule occupancy of a compatible 
host when inoculated with mixtures of strain A (effective) and 
strain B (ineffective) when displaying non-selective 
nodulation.   .................................................................................  148 
Figure 6.2.  Representation of the combined results collated from this 
study displaying the nodule occupancy of T. purpureum 
when inoculated with mixtures of strain A (effective) and 
strain B (ineffective) with total number of cells at 10
4 and 
>10
5 cells mL
-1.   ..........................................................................  150  
 
XVI 
LIST OF TABLES 
Page 
Table 1.1. Experimental reports that provide evidence of selection between 
effective (E) and ineffective (I) symbiotic partners, together with 
information on the experimental growth medium and pH, initial 
inoculation rate (cells mL-1), number of rhizobia with ability to 
nodulate the host in soil (if applicable), and method used to identify 
strains    ...................................................................................................    40 
Table 2.1. Strains of R. l. trifolii used in experiments A-C, their synonym and 
other details of their origin   ....................................................................    50 
Table 2.2. Trifolium accessions used in experiments A-C with notes on their 
growth cycle, origin and source.   ...........................................................    51 
Table 2.3. Host-strain interaction for 32 Trifolium spp. and 16 R. l. trifolii. Dark 
shading represents both geographical phenological homologies; 
light shading represents geographical homologies only. Host-strain 
reactions for N2 fixation are: E, effective; PE, partially effective; I, 
ineffective; X, no nodulation; dash, not tested. Origins of clover 
species are: NA, North America; SA, South America; Eur, 
Euro-Mediterranean; Afr, Africa. Growth cycles are: A, annual; P, 
perennial    ...............................................................................................   60 
Table 3.1. Origins of the R. l. trifolii inoculant strains   ............................................    72 
Table 3.2. Properties of vertisol soil in the basaltic region of Uruguay    ..................    78 
Table 3.3. Predicted nodule occupancy of random T. purpureum plants 
excavated from the outer regions of the cross-rows at Glencoe 
Research Station, Uruguay, based on PCR analysis with primer 
RPO1. SBF – not distinguishable due to having similar banding 
fingerprints (WSM409, WSM1325 and WSM1328); Unidentified – a 
field isolate, not one of the 9 introduced strains   ...................................    84 
Table 4.1. Oligonucleotide primers used for PCR fingerprint profiling of 
rhizobial isolates in this study   ...............................................................    92 
Table 4.2. Summary of the results of fingerprint profiles generated by the use 
of rep-PCR to distinguish nine strains of R. l. trifolii introduced to 
the soil at the Glencoe field site, Uruguay   ............................................    95 
Table 4.3. Occupancy of nodules on T. purpureum, T. repens and T. 
polymorphum grown at the Glencoe field site, Uruguay, in the third 
year after inoculation.   ...........................................................................    99 
Table 4.4. Total shoot dry weight (g plant-1) and nodulation effectiveness 
ratings expressed as a percentage of the +N control (KNO3), 
produced by Trifolium purpureum, T. repens and T. polymorphum 
when inoculated separately with three soil dilutions from native 
grasslands (Uruguay), under controlled conditions   ..............................   100  
 
XVII 
LIST OF TABLES 
Page 
Table 4.5. Total shoot dry weight (g plant-1) and nodulation effectiveness 
ratings expressed as a percentage of the +N control (KNO3), 
produced by Trifolium purpureum, T. repens and T. polymorphum 
when inoculated separately with 10 strains of rhizobia under 
controlled conditions.   ...........................................................................  101 
Table 5.1. The collection site details and symbiotic phenotype of R. l. trifolii 
strains used in the study   ......................................................................  110 
Table 5.2. Physical and chemical propertiesA of the four soils used in 
glasshouse experiments I-IV   ...............................................................  111 
Table 5.3. Inoculant cell ratios and total cell number delivered to each clover 
seedling for glasshouse experiments I to III  .........................................  113 
Table 5.4. Oligonucleotides and PCR cycling conditions used for sequencing 
reactions.   .............................................................................................  116 
Table 6.1   Terminology previously applied to nodulation events where 
legumes have a choice of micro-symbiotic partners within the same 
species of root-nodule bacteria. Column three provides a 
suggested preferred term with which to group these events   ...............  147 
 
 CHAPTER 1 
 
1 
 
 
 
 
 
 
 
 
CHAPTER 1: 
 
Literature Review 
 
 
 
 
 
 
 
 
 
 CHAPTER 1 
 
2 
1.1  Symbiotic nitrogen fixation in legumes 
1.1.1  Legumes and their importance 
Legumes are classified in the family Leguminosae and divided into three 
subfamilies Caesalpinioideae, Mimosoideae and Papilionoideae (Sprent, 2008), 
with the latter subfamily formally called Fabaceae (Lewis et al., 2005). This 
family is the third largest of the flowering plants, comprising slightly under one 
twelfth of all known flowering plants (Allen and Allen, 1981; Sprent, 2001). 
Currently there are approximately 727 genera containing 19000 species in the 
Leguminosae ranging in habit from small herbs to huge trees (Lewis et al., 
2005). They are found on all continents, except Antarctica, and include 
Astragalus which is the plant genus containing the largest number of species 
(Sprent, 2001).  
A distinctive characteristic of the majority of legumes is their ability to 
enter into a nitrogen-fixing symbiosis with a distinct group of soil bacteria 
(predominantly Gram-negative rods in the α–Proteobacteria), collectively called 
root-nodule bacteria, or rhizobia (Fred et al., 1932; Graham, 2008). The 
symbiosis results in the plant cells being invaded by bacteria to form an 
extremely organised plant organ on root or stem structures, termed the root 
nodule (Loureiro et al., 1994; Maunoury et al., 2008). However, not all species 
of the Leguminosae can form symbioses (Sprent, 2001). It is estimated that only 
5% of the genera within the Caesalpinioideae can be nodulated, while within the 
Mimosoideae and Papilionoideae, this proportion increases to approximately 
88% and 97%, respectively (Sprent, 2008).  
The process by which rhizobia reduce atmospheric nitrogen (N2) into 
ammonium (NH4
+) is termed biological or symbiotic nitrogen fixation. The CHAPTER 1 
 
3 
process has been extensively studied (Dilworth and Glenn, 1991; Leigh, 2002) 
with the key catalyst being the bacterial enzyme nitrogenase (Rubio and 
Ludden, 2002). The complete process is not yet fully described, but the 
energetics and ionic characteristics of the biological nitrogen fixation (N2 
fixation) reaction can simplistically be described in the equation below (Vance, 
2008).  
 
N2 + 16 ATP + 8e
- + 10H
+ → 2NH4
+ + H2 + 16 ADP + 16Pi  
 
This reaction essentially requires the molybdenum iron (MoFe) and Fe 
proteins of the nitrogenase enzyme, an electron source and a supply of MgATP 
(Howard and Rees, 1996). The process has to overcome the presence of 
oxygen (O2) released when ATP is generated in the bacteroids [rhizobia 
transformed in compartmentalised cells in which they are capable of N2 fixation 
(Kijne et al., 1992; Schauser et al., 2008)], as O2 inactivates nitrogenase 
synthesis (Hill et al., 1981). This problem is overcome by plant-derived 
leghaemoglobin which binds with O2  and facilitates O2 diffusion through the 
bacteroids at a low and buffered concentration (Burris and Haas, 1994).  
Throughout history humans have used legumes in many ways, including 
as sources of food, forage, fuel, shelter and traditional medicines (Duke, 1981; 
Saxena, 1988; Hadri et al., 1998a; Graham and Vance, 2003; Howieson et al., 
2008). The Papilionoideae subfamily contains the highest number of 
agronomically important legume species, providing grain crops consumed by 
humans and other animals, and numerous pasture forage species. It is 
considered that N2 fixation by legume pastures and crops provides 65% of the 
N currently utilised in agricultural production (Vance, 1997), with some legumes CHAPTER 1 
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being able to fix up to 300 kg of N per hectare (ha) (Peoples et al., 1995). By 
converting N2 into ammonium, agricultural and natural ecosystem legumes have 
been estimated to save $US 6-10 billion annually on nitrogenous fertiliser 
(Herridge and Rose, 2000; Graham, 2008), although, there has been much 
deliberation on the estimates of global N2 fixation. Values ranging from 25 to 90 
million metric tonnes (Tg) have been reported (Kinzig and Socolow, 1994; 
Brockwell et al., 1995; Smil, 1999; Vance, 2008) to 120 Tg (Freiberg et al., 
1997). Not surprisingly, with the ever increasing world population, Vance (1998) 
and Morris (2003) have projected that the dietary contribution from leguminous 
sources will increase in the future.  
Thus, the productivity and sustainability of world agriculture is 
significantly enhanced through N2 fixation from effectively nodulated legumes 
(Robson, 1990; Vance, 1997; Graham and Vance, 2000; Howieson et al., 
2000b; Sessitsch et al., 2002). However, only certain combinations of legume 
and rhizobia result in the formation of effective nitrogen-fixing nodules, even 
though many moderately effective and ineffective combinations may, and do, 
arise. Ineffective associations may lead to the formation of nodules that are 
devoid of bacteroids, or contain bacteroids that do not fix N2. There is a view 
that such associations should be sanctioned by the host plant (Kiers et al., 
2003), and that eventually, evolutionary pressures will lead to their 
disappearance. There is, unfortunately, abundant evidence for their persistence, 
at least in agricultural ecosystems (Ballard and Charman, 2000; Denton et al., 
2002; Nandasena et al., 2007). 
Howieson et al. (2005) proposed that symbioses be considered in four 
categories. There may be no symbiotic interaction [e.g. nil nodulation of 
Afghanistan pea with Rhizobium leguminosarum biovar viceae strains which do CHAPTER 1 
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not possess NodX (Davis et al., 1988)]; an ineffective or parasitic interaction 
where nodules or nodule-like protuberances form without detectable N2 fixation; 
a partially effective interaction (where the symbiosis is established but where N2 
fixation produces between 20% and 75% of the biomass achieved by a +N 
control ); or an effective symbiotic interaction where nodulated plants produce 
more than 75% of the biomass of an +N control. Apart from the direct benefits of 
effective N2 fixation (Unkovich et al., 1995), legumes provide added value in 
weed, pathogen and insect control when rotated with crops in farming systems 
(Reeves and Smith, 1975; Reeves and Ewing, 1993; Latta and Carter, 1998), 
together with improving soil structure and increasing soil organic matter content 
(Robson, 1990; O’Hara et al., 2002).  
 
1.1.2 Rhizobia  and  Rhizobium leguminosarum biovar trifolii 
  Rhizobia are typical Gram-negative, soil-inhabiting bacteria (Sprent, 
2001) that are aerobic and generally heterotrophic. Structurally, they have a 
lipid bilayer outer membrane, consisting of lipopolysaccharides on the outer, 
and phospholipids on the inner side (Sprent, 2001). As free-living bacteria they 
are usually motile rods, but can be particularly pleomorphic under adverse 
conditions (Jordon, 1984b). Housed within the rhizobia-infested cortical cells are 
specialised organelles called symbiosomes, which contain the rhizobia 
differentiated into the bacteroid form that reduces N2 to ammonia (N2 fixation) 
(Prell and Poole, 2006). The fixed N is exported from the nodule in several 
different forms (White et al., 2007) that are taken up by the plant and used to 
synthesize proteins (van Rhijn and Vanderleyden, 1995; Sessitsch et al., 2002). 
In exchange for the fixed N, the plant offers the rhizobia access to carbon CHAPTER 1 
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substrates, other macronutrients, micronutrients and ultimately provides shelter 
from desiccation and predation (Sprent and Raven, 1992).  
  Rhizobia are very diverse bacteria, and this variation is exemplified by 
the suite of host legumes that the different species of rhizobia nodulate. In fact, 
for the first hundred years of scientific investigation, this host specificity formed 
the basis of rhizobial classification. Since the advent of the molecular era, 
classification has been augmented by molecular-based phylogeny and currently 
a polyphasic approach is used for taxonomy of rhizobia (Graham, 2008). An 
important method most often used for species delineation within the rhizobia is 
the 16S rRNA gene sequence (Gaunt et al., 2001; Garrity et al., 2003; Sawada 
et al., 2003; van Berkum et al., 2003) together with a range of physiological 
properties (Graham et al., 2008). Recombination in 16S rRNA genes, although 
slight, precludes this analysis being used as a unique taxonomic tool (van 
Berkum et al., 2003). It has also been suggested that a population genetic 
approach to rhizobial speciation should be considered (Eardly and van Berkum, 
2004; Vinuesa and Silva, 2004; van Berkum and Eardly, 2005). 
Whilst rhizobial classification is not static, there are currently 12 genera 
and 57 accepted species (including biovars) for the nomenclature of rhizobia 
(Weir, 2006; http://www.rhizobia.co.nz/taxonomy/rhizobia.html). Although most 
species are classified in the α–Proteobacteria, there are an increasing number 
of reports of legumes being nodulated  by soil bacteria classified in the β–
Proteobacteria  (Moulin et al., 2001). The strains in the latter have been 
described to nodulate and fix N2 with trees and shrubs from the Mimosa genus 
(Sprent et al., 2008) and South African herbaceous perennial legumes, such as 
Rhynchosia ferulifolia (Garau et  al., 2008). Presently the rhizobia in the α–
Proteobacteria include 8 genera; Rhizobium, Mesorhizobium, Ensifer (formerly CHAPTER 1 
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Sinorhizobium  as it will be referred to in this thesis), Bradyrhizobium, 
Azorhizobium,  Methylobacterium,  Ochrobactrum  (Trujillo et al., 2005) and 
Phyllobacterium (Valverde et al., 2005). The rhizobia in the β–Proteobacteria 
are grouped into four genera; Burkholderia (Vandamme et al., 2002; Chen et 
al., 2006, 2007), Cupriavidus (Chen et al., 2001), Devosia (Rivas et al., 2003) 
and  Herbaspirillum (Valverde et al., 2003). However, the classification of 
rhizobia is very dynamic and is being adjusted constantly. For example, Yates 
et al. (2007) reported a putative new rhizobial genus which nodulates Lotononis 
angolensis,  a species very similar taxonomically to L. bainesii, which is 
nodulated by a Methylobacterium sp. (Sy et al., 2001; Jaftha et al., 2002).  
The rhizobia that are the focus of this thesis are classified in the genus 
Rhizobium (Latin = root living), the name first recorded for the root-nodule 
bacteria by Frank in 1879 (Fred et al., 1932; Jordan, 1984a; Garrity, 2005). The 
Rhizobium genus encompasses bacteria with a large biological diversity 
(Sessitsch et al., 2002) and presently consists of 13-16 species (Sawada, et al., 
2003; Weir, 2006). Clover-nodulating rhizobia are classified within the species 
Rhizobium leguminosarum, which is further divided into 3 biovars; viciae, 
phaseoli and trifolii (Jordan, 1984b; Garrity, 2005). The host legume of focus in 
this study, Trifolium L., is nodulated (Nod
+) by, and effectively fixes N2 (Fix
+) 
with, the micro-symbiont Rhizobium leguminosarum biovar trifolii (hereafter R. l. 
trifolii) (Strong, 1937; Vincent, 1956). Although rare, generic cross-inoculation 
does occur (e.g., Kleczkowska et al., 1944), and recently a bacterial strain 
isolated from nodules of T. pratense was identified as a member of the genus 
Phyllobacterium (Valverde et al., 2005), although infectivity tests showed that 
when the strain was inoculated onto T. repens it was Nod
+ but Fix
- (Valverde et 
al., 2005).   CHAPTER 1 
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1.1.3  Survival of rhizobia in soil 
  Rhizobia are facultative symbionts that have adapted to persist for long 
periods in soil, in a free-living state, if a suitable legume host is absent 
(Sanginga et al., 1994; Graham, 2008). However, the ability of rhizobia to 
survive in, grow and eventually colonise a soil depends substantially on the 
physical and chemical characteristics of the soil (Bushby, 1982). To enable their 
survival and growth, rhizobia need to access adequate concentrations of 
mineral and organic nutrients from the soil to sustain metabolic processes 
(O’Hara, 2001; Poole et al., 2008).  
The capacity of rhizobia to survive in, and to colonise, target soils when 
outside the nodule is referred to as saprophytic competence (Chatel et al., 
1968), which is considered a key component of persistence (Howieson, 1995). 
Aside from the abiotic factors, challenges associated with living in soil include 
tolerance of many biotic factors, such as grazing fauna and antagonistic micro-
organisms (Bottomley, 1992). However, where evaluating saprophytic 
competence in inoculant strains is required, the in situ cross-row evaluation 
method (Howieson and Ewing, 1986), which was adapted from Chatel et al. 
(1968), remains the most efficient means of rhizobial strain selection. Howieson 
and Ewing (1986) developed the cross-row testing method to study acid soil 
tolerance in Sinorhizobium spp. It has been used subsequently to evaluate 
other rhizobia species such as R. l. trifolii (Howieson et al.,  2000b, 2000c; 
Watkin et al., 2000), R. l. viciae (Howieson et al.,  2000b, 2000c) and 
Mesorhizobium ciceri bv. biserrula (Howieson et al., 2000b). Interestingly, the 
understanding of saprophytic survival of rhizobia and rhizobial populations has 
not been improved greatly by the advent of the genomics era (Graham, 2008).  CHAPTER 1 
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The cross-row procedure involves introducing rhizobial strains as legume 
inocula into soil which is relatively free from or contains low levels of the 
rhizobial species of interest. The trial site should be carefully selected; it should 
have appropriate soil characteristics to enable plant growth, with low N 
availability and preferably sandy soil to help in the ease of excavating the root 
system intact (Howieson et al., 2000b). The technique entails sowing rows of 
inoculated seed in the first year of the experiment, and then in subsequent 
years sowing uninoculated seed in rows at right angles to the original row. This 
technique not only assesses the symbiotic performance of the strain on the 
legume host in the first year, it also evaluates the survival, persistence and 
colonisation of the strains in the soil at the site of inoculation in the following 
years (Chatel et al., 1968; Howieson and Ewing, 1986; Howieson et al., 2000b, 
2000c; Watkin et al., 2000).  
 
1.1.3.1  Diversity of soil rhizobia 
Rhizobia in agricultural soils comprise a relatively small proportion of the 
total soil bacteria, varying from 0.1 to 8% (Sadowsky and Graham, 1998). 
Difficulties arise when attempting to characterise the size, distribution and 
diversity of the rhizobial components of the soil micro-flora because the diversity 
of rhizobial strains residing in a particular soil can be considerable (Brockwell et 
al., 1995). These strains may not only differ in symbiotic capabilities, but also in 
other phenotypic and genetic characteristics (Marques Pinto et al., 1974).  
Population diversity among rhizobia associated with a particular legume 
is likely to be greatest in the centre of origin of that host (Lie et al., 1987), 
however, varied rhizobial populations can arise in association with species that CHAPTER 1 
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are not indigenous to a particular region (Amarger et al., 1994; Sadowsky and 
Graham, 1998). In agricultural soils, the population diversity of a particular strain 
or species of rhizobia is enhanced by the presence of the cultivated legume it 
can nodulate (Thies et al., 1992; Sadowsky and Graham, 1998). It follows that 
the overall diversity of soil rhizobia may be restricted to intra-specific variation 
where monoculture of a cultivated legume species is practiced over a long time 
(Howieson and Ballard, 2004). Not all of the rhizobial population is considered 
to be simply clonal. Some studies have shown genetic recombination occurs 
through plasmids (Young and Wexler, 1988; Demezas et. al., 1995) and/or 
chromosomal symbiotic gene transfer (Sullivan et al., 1995; Nandasena et al., 
2007). 
There are at least five sources of rhizobial diversity in agricultural soils; 
(i) the indigenous rhizobial population, (ii) aerial or seed-borne contaminants 
introduced accidentally, (iii) commercial inoculant(s) applied to agricultural 
legume(s) (Brockwell et al., 1995; Sadowsky and Graham, 1998), (iv) variants 
that arise from genetic transfer between an inoculant strain and soil bacteria or 
(v) mutations caused by genetic recombination within strains (Flores et al., 
2005; Nandasena et al., 2007). 
After the introduction of rhizobia into agricultural soils by inoculation, the 
population of rhizobia can range from 10 - 10
7  cells g
-1 soil (Slattery and 
Coventry, 1993; Brockwell and Bottomley, 1995; Hirsch, 1996). But these 
values can be considered only as an indicator becauce the hosts used in 
“trapping” are likely to influence the recovery of particular groups of rhizobia 
(Bottomley et al., 1994; Bromfield et al., 1995; Brunel et al., 1996), and may 
underestimate the total population number and diversity of rhizobia (Dye et al., 
1995). However, methods are being developed continually to isolate rhizobia CHAPTER 1 
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from soil (Gault and Schwinghamer, 1993; Tong and Sadowsky, 1994; 
Bromfield et al., 1995) and these approaches may provide a more realistic 
assessment of rhizobial diversity. 
 
1.1.3.2 Techniques  to  aid  in identifying rhizobia 
Prior to the advent of molecular analyses, techniques to study the 
diversity of soil rhizobia necessarily involved phenotypic characterisation. The 
phenotypic methods yielded important information for formalising taxonomic 
organisation, rhizobial population structure and species diversity; however, the 
techniques were limited in many ways (Thies et al., 2001). In particular, the 
phenotypic techniques had high labour intensity and low discriminatory power 
compared to the molecular techniques (Barnet, 1991: Streeter, 1994; Thies et 
al., 2001). 
Since the late 1980s, molecular-based methods for characterising 
bacterial isolates have been available (Thies et al., 2001). However, one major 
criticism of some of these techniques is their lack of reproducibility (Richardson 
et al., 1995; Laguerre et al., 1996; Vachot et al., 1999). For example, 
polymerase chain reaction (PCR) Randomly Amplified Polymorphic DNA 
(RAPD) fingerprint banding patterns may vary from day to day and laboratory to 
laboratory. Nonetheless, these problems can be overcome by thorough 
regulation of protocol procedures and appropriate controls (Vachot-Griffin et al., 
1999). 
The genetic methods that have revolutionised the study of Rhizobium 
ecology are based upon the PCR (Thies et al., 2001; Graham, 2008). The most 
common genetic methods for chacterising rhizobial diversity are described 
below. CHAPTER 1 
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(i) RAPD DNA generated by PCR to amplify profiles (Harrison et al., 1992) of 
RP01 sequences (Richardson et al., 1995), Repetitive Extragenic Palindromic 
(REP) sequences (Higgins et al., 1982), Enterobacterial Repetitive Intergenic 
Consensus (ERIC) sequences (Versalovic et al., 1991; Niemann et al., 1999) or 
Interspersed Repetitive DNA (BOX) sequences (Versalovic et al., 1991).  
(ii) Restriction Fragment Length Polymorphism (RFLP) techniques that 
discriminate differences in restriction enzyme profiles of amplified, enzymatically 
hydrolyzed DNA (Schofield et al., 1987; Gibson et al., 1990; Laguerre et al., 
1993; Kishinevsky et al., 1996; Laguerre et al., 1996; Vinuesa et al., 1998; 
Odee et al., 2002). 
(iii) Polymerase Chain Reaction (PCR) amplification and sequencing based 
techniques targeting 16S-23S rRNA (Welsh and McClelland, 1991; Jensen et 
al., 1993; Laguerre et al., 1994), GSII (Turner and Young, 2000), atpD (Gaunt et 
al., 2001), recA (Gaunt et al., 2001) or dnaK (Stepkowski et al., 2003, 2005). 
(iv) Multi–locus sequence typing analysis where sequence variation is examined 
for multiple loci for population studies (van Berkum et al., 2003). 
 
1.2  Legume nodulation – a complex relationship 
The legume-rhizobia symbiosis is a series of complex and mutual 
interactions, the result of which is nodulation and N2 fixation. However, this 
process requires a high degree of compatibility between the partners for the 
reduction of optimal amounts of atmospheric nitrogen gas (Graham, 2008) 
(refer to section 1.1.1). Initially, outside influences predominant in the 
rhizosphere environment must be appropriate for the successful exchange of CHAPTER 1 
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the signal molecules that precede infection (Leibovitch et al., 2001; Zhang et al., 
2002). 
Legume nodulation requires the rhizobial colonisation of roots followed 
by bi-directional signalling, the formation of an infection thread (for most 
symbioses) and eventual development of a nodule, wherein N2 fixation occurs. 
For legumes such as Lupinus,  Stylosanthes,  Neptunia natans and Arachis 
hypogaea (peanut), rhizobia infect the root through a wound or crack 
(Gonzalez-Sama et al., 2004), while other legumes, such as clovers, are 
infected via root hairs (Sprent, 1989; Hadri et al., 1998b; Sprent, 2001).  
Nodulation of clovers follows a series of four general steps: (1) survival 
and growth of rhizobia in the soil in the absence of a legume host, (2) rhizobial 
colonisation of the legume rhizosphere, symbiotic communication, and signal 
recognition, (3) attachment of rhizobial cells to legume root hairs, root hair 
curling and infection thread formation, and (4) intracellular infection and nodule 
development. Some important aspects of the steps involved in the nodulation 
process leading to N2 fixation are reviewed in the following section. 
 
1.2.1 Symbiotic  communication,  colonisation and effective 
nodule formation 
There are many steps in the formation of functional nodules at which 
disruption to the ultimate goal of N2 fixation might occur. These steps include 
the production or recognition of molecular signals, intracellular infection of the 
host cells by the micro-symbiont, organogenesis of the nodule or the process of 
N2 fixation within the symbiosome (Maunoury et al., 2008). In the following 
section, I review some important aspects of these events in the establishment of CHAPTER 1 
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a successful symbiosis. In particular, it will focus on the molecular dialogue 
between the symbiotic partners prior to nodule formation.  
 
1.2.1.1 Molecular  signal  recognition and interaction 
Rhizosphere colonisation can be defined as an increase in 
microorganism numbers in and around the rhizosphere of plant roots (Kloepper 
and Beauchamp, 1992). A large number of diverse microorganisms find 
residence in the plant rhizosphere, attributable to the presence of organic 
material released by the roots (Rovira, 1961; Barran and Bromfield, 1997; 
Perret et al., 2000). Some of the compounds in this organic material include 
organic acids, carbohydrates, hormones, vitamins, amino acids and flavonoids 
(2-phenyl-1, 4-benzopyrone derivatives) (Broughton et al., 2000; Perret et al., 
2000). The specificity among compatible partners minimises the chances of 
infection by pathogens and the formation of ineffective associations that are 
detrimental to both symbionts (Perret et al., 2000). To explain the specificity of 
nodulation, a communication of some sort was thought to occur between the 
host and compatible micro-symbionts (Hirsch, 1992). Researchers initially 
surmised that some plant proteins, called lectins, on the legume root would 
cross-bind antigens on the rhizobial surface in compatible associations (Peters 
and Long, 1988; van Rhijn et al., 1998; Hirsch, 1999). Long and Ehrhardt (1989) 
proposed that the lectins are involved in the symbiotic dialogue, as they bind to 
the bacterial surface determinants. Studies report that when dealing with 
heterologous rhizobial strains, lectin enhanced the attachment to root hairs, 
infection thread formation, and nodulation (van Rhijn et al., 1998, 2001). It has 
since been shown that the early stages of the legume nodulation process are CHAPTER 1 
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mediated by complicated signal exchanges between the two partners with 
recognition at the biochemical level (Long and Ehrhardt, 1989; Long, 1996). 
Thus, if the rhizobial strain does not synthesise the compatible Nod factor for 
the host legume, no nodules developed (Hirsch et al., 2001). 
The chemicals involved in the host-rhizobia molecular dialogue include 
compounds in seed and root exudates, such as flavonoids from the plant host 
(Long, 1989), and Nod-factors (Lerouge et al., 1990) from the micro-symbiont, 
but additionally involve various extracellular proteins and surface 
polysaccharides such as exopolysaccharides (EPS) (Becker and Pühler, 1998). 
Other outer membrane proteins in the rhizobia have been shown to play a role 
in communication via the Type III secretion system (TTSS), with secreted 
proteins termed Nops [nodulation outer proteins (Marie et al., 2001, 2003)]. 
The primary communication molecules (legume-secreted flavonoids) are 
mostly perceived by rhizobia through their constitutive receptors, the NodD 
proteins, which are the transcriptional activators of the nodulation operons (nod, 
nol or noe genes) (Maunoury et al., 2008). This initial interaction results in the 
concerted expression of these genes leading to the synthesis of Nod-factors by 
the rhizobia that initiate early symbiotic events in the legume (Broughton et al., 
2000; Perret et al., 2000; Hirsch et al., 2001; Maunoury et al., 2008). Although 
species differ in their compliment of nodulation genes, nodABCDIJ are common 
to all rhizobia (Kondorosi et al., 1984), except for the recently reported 
photosynthetic Bradyrhizobium (Giraud et al., 2007). The back bone of the Nod 
factor molecules are lipo-chitooligosaccharides which are synthesized by 
nodABC  products, and usually consist of four or five N-acetylglucosamines 
(Broughton et al., 2000; Hirsch et al., 2001, 2003; Maunoury et al., 2008). There 
may be a single or several forms of specific nod gene(s) within a single rhizobial CHAPTER 1 
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species. For example, in Sinorhizobium meliloti there are three nodD genes and 
another symbiotic regulator gene required for symbiosis, syrM, which 
determines the synthesis of Nod-factors with different acyl moieties (Demont et 
al., 1994; Hirsch et al., 2003). S. meliloti strains may still nodulate Medicago 
truncatula if they contain only some of these genes (Swanson et al., 1993; 
Catoira et al., 2000). In contrast, there is only one nodD gene reported in R. l. 
trifolii and its inactivation renders the species incapable of nodulation (Nod
-) 
(Schlaman et al., 1998). Further, the NodD sequences deposited into GenBank 
from 5 different R. l. trifolii strains (amino acid length 241) have ≥ 93% similarity. 
In contrast, heterogeneity arises between R. l. viciae and R. l. trifolii NodD 
sequences revealing ≤ 80% similarity. 
The individual chemical structures of the Nod-factors (usually the 
decorations on the lipo-chitooligosaccharide backbone) have allowed legume 
hosts to develop specific recognition systems which ‘filter’ unwanted symbionts. 
This increases the likelihood of forming symbiotic associations with compatible 
rhizobia and has been described as a ‘molecular key and lock’ system 
fundamental to host range determination (Spaink, 1994; Denarie et al., 1996; 
Long, 1996; Downie, 1998; Broughton et al., 2000; Parniske and Downie, 
2003). With Nod-factors representing the ‘keys’, it has recently been identified 
that the ‘locks’ are a special class of receptor kinases (Endre et al., 2002; 
Limpens et al., 2003; Madsen et al., 2003; Radutoiu et al., 2003). Kinases are 
enzymes that add phosphate groups to other proteins which then become 
molecular ‘switches’ to regulate signaling pathways or other enzymes (Parniske 
and Downie, 2003). Specific genes code kinases with extracellular LysM motifs 
which bind to polymers containing N-acetylglucosamine (Bateman and Bycroft, 
2000). CHAPTER 1 
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Apart from molecular signaling, other interactions between host and 
micro-symbiont are proposed. For instance, rhizobia are flagellated and some 
authors suggest that motility is important for successful nodulation in that they 
exhibit positive chemotaxis towards attractants exuded by roots (Bergman et al., 
1988; Caetano-Anollés et al., 1988a). However, others have shown that this is 
not the case as non-motile mutants have maintained the ability to nodulate in a 
field environment (Dilworth et al., 2000). Positive chemotaxis contributes to 
initial contact and adherence to host roots, speedy infection and nodule 
initiation (Caetano-Anollés et al., 1988b), and can assist in competition for 
nodulation (Gulash et al., 1984; Caetano-Anollés et al., 1988b; Lupwayi et al., 
1996). 
 
1.2.1.2 Nodulation  genes and host specificity 
More than 50 different nodulation genes have been implicated in legume 
nodulation, although in many cases their functions are not fully known (Downie, 
1998; Kobayashi and Broughton, 2008). Downie (1998) divided the rhizobial 
genes into five different categories based on their functions: (i) regulatory, 
(ii) biosynthesis and modification of Nod-factors, (iii) Nod-factor secretion, and 
(iv) protein secretion and (v) functions unknown.  
The nodulation genes may be located in rhizobia on: (i) the chromosome, 
such as in Bradyrhizobium japonicum (Kaneko et al., 2002), (ii) a mobile 
symbiotic island that incorporates into the chromosome, for example 
Mesorhizobium loti (Sullivan et al., 2002), or (iii) a Sym plasmid, for instance 
Sinorhizobium meliloti (Barnett et al., 2001) and R. l. trifolii (Djordjevic et al., 
1983).  CHAPTER 1 
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Particular nod genes (such as nodABC) often exist in single copies, while 
other genes (nodDMPQT) have multiple homologous sequences in various 
regions of the genome (Schwedock and Long, 1989; Baev et al., 1991; Rivilla 
and Downie, 1994). The nod genes are usually grouped in a relatively small 
region and organised in different operons that are often conserved between 
rhizobial species (Schlaman et al., 1998). For instance, in R. l. trifolii, nodD 
regulates nodE, which in turn regulates nodR, a gene specific in the nodulation 
process for this particular species (Schlaman et al., 2006). Similarly, Aguilera 
et  al. (2004) have shown that NodC type may affect selection outcomes 
between the symbioses of beans with Rhizobium etli. 
Rhizobial host specificity refers to the ability of a rhizobial species or 
biovar to nodulate a particular legume host (Schlaman et al., 1998). 
Host-specific nodulation characteristics formed the basis for the classification of 
rhizobial ‘cross-inoculation groups’ for many years (Allen and Allen, 1981) and 
have become significantly more informative when used in combination with the 
analysis of the 16S rRNA gene sequence. The communication molecules 
regulated by the two symbionts have definitive effects on the outcome of 
rhizobial host specificity (Schlaman et al., 1998) and can be divided into four 
categories: (i) the type of NodD contained in the rhizobia (Spaink, 1987), (ii) the 
type of flavonoids made by the host plant and their interaction with the NodD 
protein, (iii) the type of Nod-box in the promoter region of the nodulation genes, 
and (iv) the type of Nod-factor structures produced by the rhizobia (Denarie et 
al., 1996). The next section provides details on the developmental changes that 
occur between legume host and micro-symbiont as a result of successful 
molecular recognition. 
 CHAPTER 1 
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1.2.2  The physiology and epidemiology of nodule formation 
Attachment or adsorption of rhizobia to root hairs is the result of the first 
meeting of the two symbionts and involves a two step process (Kijne et al., 
1988). The first step involves loose attachment with the aid of rhizobial 
polysaccharides and surface proteins such as rhicadhesin (Matthysse and 
Kijne, 1988; Brewin, 1991). The second step entails assistance by the host 
plant that produces surface proteins and lectins to secure attachment by 
cellulose fibrils (Smit et al., 1987; Matthysse and Kijne, 1988). 
 
1.2.2.1 Intracellular infection and nodule development 
Root hairs are protrusions from single epidermal cells that increase the 
root surface area for absorption of nutrients. The initial signal exchange 
between host and rhizobia triggers the rapid formation of root hairs (Hadri et al., 
1998b; Lhuissier et al., 2001). The attachment of the rhizobia onto the root hair 
creates root hair deformations and subsequent curling, entrapping the rhizobia 
(Kijne, 1992). Notably, only a small number of the root hairs become colonised 
and infected as they must encounter the rhizobia with precise timing for curling 
to take place.  
Following root hair curling, intracellular infection occurs through plant-
derived membranes that form a tubular structure called the ‘infection thread’. 
The infection thread guides the proliferating rhizobia towards the inner root 
cortex, which then encases the nodule primordium from which the nodule 
develops (Brewin, 1991; Gage et al., 1996; Gage, 2004; Oldroyd and Downie, 
2004; Maunoury et al., 2008). Once the rhizobia are released into cortical cells 
they are compartmentalised in a new structure termed the symbiosome, in CHAPTER 1 
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which the rhizobia are morphogenically and biochemically transformed into 
‘bacteroids’ capable of N2 fixation (Kijne, 1992; Schauser et al., 2008). Within 
the symbiosome, the peribacteroid membrane surrounds the rhizobia (Roth and 
Stacy, 1989). The symbiosome and its membranes mediate the exchange 
between the host and rhizobia of signals and nutrients, including organic acids 
and importantly, nitrogenous compounds (Schauser et al., 2008). 
 
1.3  Challenges to legume symbioses in southern 
Australian agriculture  
Other than erosion, the major soil degradation threats to agriculture in 
southern Australia are the development of secondary salinity and soil 
acidification.  
 
1.3.1 Salinity 
In southern Australia, the clear-felling of 25 M ha of native evergreen 
bush land and its replacement with farming systems based on annual crops and 
pastures resulted in the serious threat of salinisation emerging in these regions 
(Nulsen and Baxter, 1983; Nulsen et al., 1986; Lambers, 2003;). Salt (90% 
NaCl), particularly in Western Australian (WA) agricultural lands, originates from 
annual deposition in rain and dust from the surrounding ocean accumulating 
over millennia in the deeply-weathered soil profiles (Hingston and Gailitis, 
1976). The current estimate of potential saline affected land in Australia 
exceeds 5.7 million ha (Rogers et al., 2005) with an estimated 1.8 million ha of 
land in WA already affected (George et al., 1997; PMSEIC, 1998).  CHAPTER 1 
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In WA, unparalleled hydrological changes and extensive salinisation is 
evident where groundwater levels have risen by more than 30 m in the last 50 
years, and aquifers are forming where none existed before clearing (George et 
al., 1997). The mechanism for the development of this degradation process is 
that, where rainfall exceeds evaporation, transpiration, run-off and drainage, the 
excess moisture accrues in the water table. Rising water tables mobilise stored 
salts towards the soil surface to form malignant and unproductive salt scalds.  
Recent modeling suggests this crisis is primarily created by summer and 
autumn rainfall events and will not be averted using conventional farming 
systems based on annual species grown in winter (Pannell, 2005). Preventing 
and reducing salt-affected land requires water management to decrease rising 
water tables. Options include drains, mechanical pumping and perennial 
vegetation, with the latter the most economical and active alternative (George et 
al., 1997).  
 
1.3.2  A solution through the use of alternative perennial legumes 
Perennial species have the potential to use more annual rainfall, 
because they have longer seasonal growth patterns and deeper root systems 
(Cransberg and McFarlane, 1994); and can proactively grow in response to out-
of-season rainfall. There has been a concerted effort by agronomists to study 
the introduction of perennial legume species into managed agricultural 
ecosystems in southern Australia (Ewing and Dolling, 2003; Howieson et al., 
2008). One perennial herbaceous legume that has been successfully integrated 
into southern Australian farming systems is Medicago sativa (lucerne). In WA, 
lucerne uses approximately 50 mm more water per year than the annual 
legume Trifolium subterraneum (sub clover) (Ward et al., 2001). However, a CHAPTER 1 
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constraint on the widespread use of lucerne is its sensitivity to low soil pH 
(Munns, 1968; Pinkerton and Simpson, 1986; Humphries and Auricht, 2001). 
Most soils in south-west WA are too acidic for lucerne growth (Cocks et al., 
2001), and particularly inhibit its micro-symbiont, Sinorhizobium (Cheng et al., 
2002; Evans  et al., 2005). This is analogous to the acid impediment to 
nodulation in annual medics described 30 years previously (Robson and 
Loneragan, 1970) and solved in the Australian context by the development of 
acid-tolerant medics and their micro-symbiont, S. medicae (Garau et al., 2005). 
In comparison, sub clover and its micro-symbiont, R. l. trifolii, are generally 
more acid tolerant (Graham and Parker, 1964; Kim et al., 1985; Davey and 
Simpson, 1989; Davey et al., 1989; Howieson et al., 1995). Attention has now 
focused evaluating alternative perennial Trifolium species for acidic soils 
(Cocks, 2001; Howieson et al., 2008). Five perennial Trifolium species (T. 
repens,  T. pratense,  T. fragiferum,  T. ambiguum and T. semipilosum) have 
been commercially utilised previously in Australian agriculture, although none of 
these have been adopted in traditional broad-acre wheatbelt farming where 
dryland salinity is evident (Howieson et al., 2008). Notably, there are at least 85 
alternative perennial clover species that have not been comprehensively 
evaluated in Australia (Zohary and Heller, 1984; Gillett and Taylor, 2001). 
 
1.3.2.1  Trifolium L. (clovers)  
The genus Trifolium  L. is among the larger in the Leguminosae, 
taxonomically positioned in the Papilionoideae  sub-family. It consists of 255 
species commonly referred to as clovers (Zohary and Heller, 1984; Gillett and 
Taylor, 2001). The genus name describes the distinctive leaves, typically CHAPTER 1 
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arranged as three leaflets attached to the stem by peduncles of uniform length 
(trifoliolate) (Zohary and Heller, 1984; Gillett and Taylor, 2001; Ellison et al., 
2006). The species are herbaceous annuals or perennials, often prostrate, and 
rarely growing above 0.5 m in height (Ellison et al., 2006). They are grown 
widely as livestock forage and green manure crops, with at least 16 species of 
Trifolium actively used in agriculture (Gillett and Taylor, 2001).  
The native distribution of clovers encompasses the temperate regions of 
the Northern and Southern hemisphere; the genus is naturally absent from 
south-east Asia and Australia (Zohary and Heller, 1984). The several major 
centres of origin occur in Africa, America and the Euro-Mediterranean region, 
with the greatest species diversity found in the Mediterranean basin, the 
highlands of eastern Africa and western North America (Zohary and Heller, 
1984; Ellison et al., 2006).  
In the Mediterranean climate regions of southern Australia, typified by 
hot, dry summers, colonisation by clovers began when the annual species sub 
clover and its rhizobia were accidentally introduced in the 1800s, presumably as 
a contaminant in stock-feed (Gladstones, 1966). By the 1930s, sub clover with 
its ability to grow in acidic soils was being recommended by government 
agricultural departments to farmers as a means by which to improve soil fertility 
(Cocks et al., 1980; Gladstone and Collins, 1983). Over the last 60 years, with 
focused breeding to remove phyto-estrogens (Francis and Millington, 1965; 
Nichols et al., 1996), sub clover has become the most important forage legume 
in southern Australia (Howieson, 1999; Watkin et al., 2000). Other weedy clover 
species, such as T. tomentosum and T. glomeratum, are common associates of 
sub clover (Fortune et al., 1995). Such has been the success of sub clover that 
breeding programs from several agricultural research centres have CHAPTER 1 
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commercially developed more than 10 other annual and 5 perennial clover 
species for Australian agricultural systems over the last 30 years (e.g., 
Howieson et al., 2000c; Loi et al., 2005). Together, the annual clovers are 
present on more than 11 M ha of southern Australia often as a major pasture 
component (Unkovich et al., 1997). Although Pearson et al. (1997) believed it is 
more likely that there are 38 M ha of pastures with at least a 5% component of 
sub clover. However, the widespread development and expansion of annual 
legume based pastures in the southern Australian region has seen the 
concomitant development of soil degradation, such as soil acidity. 
 
1.3.3 Soil  acidity 
Throughout the Earth’s terrestrial surface layer (0 – 3 m), it is estimated 
that approximately 30% of soils are acidic (pHH2O < 5.5) (von Uexküll and Mutert, 
1995), including approximately 25% of the world’s agricultural soils (Munns, 
1986). Soil acidification is a natural process that can be enhanced by high 
rainfall, low evaporation rates, leaching of cations and high biological activity 
(Jayasundara et al., 1998). Hence, most of the naturally acidic soils in the world 
are found in the tropics, but acidification is occurring increasingly in 
temperate/Mediterranean climate zones as a direct result of agricultural and 
industrial practices (Helyar and Porter, 1989). Australia has approximately 15 M 
ha of soil considered to be strongly acidic (pHCaCl2 < 5.0) (Cregan et al., 1989). 
Acid soils reduce plant growth and are often nutritionally unbalanced, 
with deficiencies of phosphorus (P), potassium (K), calcium (Ca), magnesium 
(Mg), Mo, copper (Cu) and cobalt (Co) (von Uexküll and Mutert, 1995), and 
toxic concentrations of aluminum (Al), hydrogen (H), and manganese (Mn) 
(Helyar, 1987; O’Hara et al., 1988; Sadowsky and Graham, 1998). However, CHAPTER 1 
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with respect to legume pastures and crops in southern Australia, soil acidity not 
only decreases productivity, but also interferes with the establishment of the 
host micro-symbiont symbiosis (Slattery et al., 2001). These implications will be 
discussed in the next section. Howieson and Ballard (2004) described soil 
acidity as a “primary abiotic stress that affects rhizobial proliferation or legume 
nodulation”, and even though acidity can be ameliorated by liming (with calcium 
carbonate (CaCO3), or dolomite), it is often uneconomic to do so. Importantly, 
there is great variation in the acid tolerance of the different symbioses. The 
realisation of this (Vargas and Graham, 1988; Howieson and Ewing, 1989) led 
to a significant change in policy for legume development programs. The 
matching of root-nodule bacteria and the legume host to each other, as well as 
to soil conditions, has become paramount in legume introduction programs in 
southern Australia (Howieson et al., 2000b, 2000c). 
 
1.3.3.1  Effect of pH on the legume-rhizobia symbiosis 
Of the many abiotic stresses that face the legume-rhizobia symbiosis, 
soil pH has a major effect.  However, the processes and mechanisms of 
nodulation described in the literature have primarily been elucidated at neutral 
pH. The effects of extreme pH (acid or alkaline) on the nodulation process have 
not been researched extensively. Where there has been investigation, they are 
primarily studies of acid impact (Munns, 1968; Robson and Loneragan, 1970; 
Coventry et al., 1985); although there are isolated reports of reduced legume 
nodulation caused by high pH (e.g. Tang and Robson, 1993).  
Acid stress decreases nodulation in some key legume-rhizobia 
symbioses, such as those associated with Medicago spp. (Munns, 1968, 1970; 
Robson and Loneragan, 1970; Howieson and Ewing, 1989), Glycine max CHAPTER 1 
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(Sartain and Kamprath, 1975), Pisum sativum (Lie, 1969), and, in particular, 
Trifolium spp. (Rice et al., 1977; Bromfield and Jones, 1980; Richardson et al., 
1988b). Moreover, it appears that within the R. l. trifolii - clover symbiosis, the 
rhizobial partner is the more acid sensitive (Loneragan and Dowling, 1958; 
Richardson and Simpson, 1988), a feature that has been reported for other 
rhizobia-legume symbioses compromised by low soil pH (Lie, 1969; Robson 
and Loneragan, 1970; Munns, 1986). Low soil pH can significantly decrease 
rhizobial survival, growth, population size and strain diversity (Vincent and 
Waters, 1953; Munns, 1965; Sadowsky and Graham, 1998; McInnes et al., 
2004). These can be directly attributed to the effects of high hydrogen-ion 
concentrations (Sadowsky and Graham, 1998), but also from indirect effects 
such as metal toxicity (Reeve et al., 2002).  
Rhizobial genera differ in their tolerance of acidic conditions. 
Sinorhizobium spp. are more acid sensitive than Rhizobium spp. (Dilworth et al., 
2000), while Bradyrhizobium spp. are relatively tolerant to acidity (Graham and 
Parker, 1964). Mesorhizobium appear more tolerant than Rhizobium, but less 
so than Bradyrhizobium (Howieson et al., 2000c). Further separation of acid 
tolerance can then be made at the species and even the strain level. For 
example, R. leguminosarum is more acid sensitive than R. tropicii (Sadowsky 
and Graham, 1998), while R. l. trifolii strain WSM409 is more acid tolerant than 
TA1 (Watkin et al., 2000). 
Low pH can also affect legume growth, nodulation and physiology. For 
Trifolium spp., acidic soil conditions can affect Steps 1-3 (section 1.2) in the 
nodulation process, but does not seem to have an influence on Step 4 
(intracellular infection and nodule development). Early studies by Jensen (1948) 
revealed that if sub clover seedlings were infected at neutral pH, subsequent CHAPTER 1 
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transfer to a low pH environment would not affect nodule development. 
However, little is known of the pH effects on infection thread development and 
nodule morphogenesis, as research seems to pass over Step 4 and begin again 
with the effects of acid conditions on fully developed nodules (e.g., Franco and 
Munns, 1982). Thus, the next section describes the effects of low pH on the 
Steps prior to intracellular infection.  
 
1.3.3.2  pH effects on free-living rhizobia in the soil  
Growth and survival of rhizobia as free-living soil saprophytes are 
affected by low pH [see reviews of Dowling and Broughton (1986) and 
Bottomley (1992)]. For example, Rice et al. (1977) described higher R. l. trifolii 
numbers in limed soils at pHCaCl2 levels of 6.0 - 7.2 in comparison to population 
numbers in soil at pHCaCl2 4.5. Watkin et al. (1997) reported that rhizobial growth 
and survival at low pH was significantly ameliorated at higher Ca
2+ 
concentrations. Consequently, the overall poor growth of R. l. trifolii in acid soil 
can be an important factor contributing to acid sensitivity in its symbiosis with 
clover. The lower numbers of rhizobia reduce the possibility of a successful 
infection and ultimately reduce nodulation (Whelan and Alexander, 1986). 
Similar effects of low pH, resulting in poor growth and survival, are 
described when R. l.  trifolii are cultured in acidified nutrient media in the 
laboratory (Bromfield and Jones, 1980; Thornton and Davey, 1983; Lindstrom 
and Myllyniemi, 1987; Richardson and Simpson, 1989; Gemell et al., 1993a). In 
nutrient media, Watkin et al. (1997) separated the response of R. l. trifolii cells 
to increasing acidity into three categories; the acid-stress zone (rhizobial growth 
rates decrease until there is no growth), survival zone (rhizobia survive, 
however they cannot grow) and the death zone (rhizobia begin to die). Added to CHAPTER 1 
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this, the authors reported that rhizobial survival was highly sensitive to acidity in 
the survival zone, with a decrease in even 0.1 pH unit dramatically decreasing 
rhizobial survival.  
It appears that rhizobial population size in an acidic soil depends not only 
on tolerance, but also on avoidance of low pH (Richardson and Simpson, 1988, 
1989). Viable populations of rhizobia can exist under acid soil conditions in 
protected niches (Thornton and Davey, 1984; Lindstrom and Myllyniemi, 1987; 
Wood et al., 1984; Wood and Shepherd, 1987; Slattery et al., 1992; Gemell et 
al., 1993b; Howieson et al., 2000; Watkin et al., 2000). Despite this, nodulation 
can still be inhibited, indicating that low soil pH can affect aspects of the 
nodulation process other than population growth.  
 
1.3.3.3  pH effects on symbiotic communication, attachment and 
infection thread formation 
The production and exchange of signal molecules between symbionts 
under acidic conditions has not been reported extensively. However, 
Richardson and co-authors (1988a) observed that the molecular dialogue 
between the symbiotic partners of Trifolium – R. l. trifolii was influenced by pH. 
They described the reduced capacity of root exudates from clover seedlings to 
induce nodA under acidic conditions (pH<5.0). In further studies, Richardson 
et  al. (1988c) found that at pH<5.8 in the presence of a nod gene inducing 
compound, that the induction of nodA, nodF and region II nodulation genes in 
the clover strain ANU845, and the induction of nodA in 3 clover strains 
(ANU845, ANU815 and ANU1184) were adversely affected. Legume species 
differ in effects of low pH on the ability of root exudates to induce nod genes as 
demonstrated for the Medicago symbiosis by Howieson et al. (1992). Acidity CHAPTER 1 
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may affect rhizobial nod gene induction by decreasing the activity of nod gene 
inducers as a consequence of changing their structure (Richardson et al., 
1989). Studies by McKay and Djordjevic (1993) also described decreased 
amounts of Nod gene products from R. l. trifolii at low pH. It was notable that the 
decreased expression of nod genes at low pH was somewhat overcome by 
addition of calcium and further inhibited by the additions of aluminium ions 
(Richardson et al., 1988c). 
The decreased growth rate of rhizobia in acid soils is likely to contribute 
to lower rhizosphere populations and delayed colonisation of the root hairs. This 
is critical, since the size of the rhizobial population has an effect on the 
concentration of Nod factor (Richardson and Simpson, 1989), and the root hairs 
are only briefly receptive to infection (Bhuvaneswari et al., 1981). In support of 
this observation, Wood et al. (1984) provided evidence that T. repens was acid 
sensitive in the root hair curling process. Similarly, Richardson et al. (1989) 
showed that the most acid sensitive stage for rhizobia was during the initial 
infection process, prior to nodule formation. Furthermore, acid conditions may 
affect motility (Bowra and Dilworth, 1981) and chemotaxis of the rhizobia, 
adding to slower or reduced colonisation of the rhizosphere.  
While acidity affects many of the aspects of the symbiosis, in attempting 
to understand the overall nodulation process in the context of this thesis, one 
must consider this factor in combination with a competitive soil environment.  
 
1.4 Nodulation  outcomes in agricultural soils   
1.4.1 Competition  between  rhizobia for nodulation 
Rhizobial competition for nodule occupancy will occur when more than a 
single rhizobial genotype capable of nodulating the legume is resident in the soil CHAPTER 1 
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(Armarger, 1981; Thies et al., 1991). In fact, Thies et al. (1991) suggested that 
where rhizobial communities exceed 10
3 cells g
-1 soil they are considered to 
present an insurmountable barrier to the introduction of new inoculant strains. 
The presence of as few as 50 indigenous rhizobia g
-1 soil can eliminate an 
inoculation response. By definition, the ‘rhizobial competition problem’ is the 
inability of a particular inoculant strain to occupy a significant portion of legume 
nodules under field conditions to enhance legume productivity (Triplett and 
Sadowsky, 1992; Toro, 1996; Howieson and Ballard, 2004). Date and Brockwell 
(1978) concluded that strain competition for nodulation and the relative success 
of a strain in nodule formation are influenced by the host plant, the strain of 
rhizobia, the environment and interactions between them. 
It is current standard practice in agriculture to inoculate legumes with 
superior inoculant strains to increase N2 fixation and yield (Streeter, 1994; 
Brockwell et al., 1995; Brockwell and Bottomley, 1995; Herridge, 2008). This is 
particularly important where the legume is being introduced to a new area for 
the first time (Roughley et al., 1976; Slattery and Coventry, 1993; Brockwell and 
Bottomley, 1995). In contrast, in field soils that have been farmed for some time, 
a range of agricultural legume species achieve nodulation without inoculation 
(Thies et al., 1991; Keyser and Li, 1992; Ballard and Charman, 2000; 
Mpepereki et al., 2000). However, the cost of not inoculating can be high, as 
these symbiotic unions are not always efficient in N2 fixation (Gibson et al., 
1975; Ballard and Charman, 2000; Denton et al., 2002). 
For many years rhizobiologists have recognised that even when legumes 
are inoculated with a desired inoculant strain selected for high N2-fixing ability, 
they may still become nodulated by indigenous or naturalised strains (Baldwin 
and Fred, 1929; Ireland and Vincent, 1968; Caldwell and Vest, 1970; CHAPTER 1 
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Kuykendall and Weber, 1978; Brockwell et al., 1982; Moxley et al., 1986; 
McDermott and Graham, 1989; Montealegre et al., 1995; Vlassak and 
Vanderleyden, 1997; Pryor et al., 1998; Sadowsky and Graham, 1998; Denton 
et al., 2000; Brockwell, 2001; Charman and Ballard, 2004; Graham, 2008). For 
example, in the review by Streeter (1994), he stated that only between 5 to 20% 
of nodules will be formed by the introduced inoculant strain on sown soybean 
crops in the first year in agricultural regions of the United States of America 
(USA). Moreover, the indigenous rhizobia are well adapted to their niche 
(Sadowsky and Graham, 1998) and form competitive barriers that compromise 
the ability of introduced inoculant strains to occupy nodules formed. 
Inappropriate inoculation techniques can sometimes lead to low nodule 
occupancy by the desired rhizobial strain (Lupwayi et al., 2000; Date, 2001; 
Deaker et al., 2004; Herridge, 2008). However, in the main, low occupancy is 
the consequence of the inability of inoculant strains to compete with indigenous 
rhizobia for nodulation on the legume host (Sessitsch et al., 2002).  
Management strategies can be used to influence the overall outcome of 
competition for nodulation (Brockwell et al., 1995; Sessitsch et al., 2002; 
McInnes and Haq, 2003; Howieson and Ballard, 2004). Introducing host 
legumes that form an effective symbiosis with the naturally dominant 
background strain types is just one example (Mpepereki et al., 2000; McInnes et 
al., 2004). Other management strategies include growing species that are 
infrequently nodulated by the indigenous strains but can nodulate well with a 
commercial inoculant strain. Howieson and Ballard (2004) referred to 
T. glanduliferum, a new clover species to Australian agriculture (Loi et al., 
2005), as a species with an exclusive ability to nodulate with the commercial 
inoculant strain WSM409. These authors proposed the use of T. glanduliferum CHAPTER 1 
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to establish the highly effective rhizobial strain WSM409 in the field. Other 
management strategies include introducing new legume species that have no 
interaction with the indigenous background rhizobia, as was the scenario when 
Biserrula pelecinus and Lotononis bainesii were introduced to southern 
Australia (Howieson et al., 1995, 2000c; Yates et al., 2007). 
An important consideration is that introduced inoculants may have 
detrimental effects on the productivity of existing and valuable legumes. Prior to 
large scale introduction of new species, the symbiotic interaction between the 
new inoculant and legumes already in the ecosystem must be carefully 
evaluated (Materon, 1994). For instance, a new inoculant may become highly 
competitive in the new environment and form an ineffective symbiosis with a 
commercially important legume (Elliot et al., 1998). Additionally, appraisal of 
how the new legume interacts with the indigenous or naturalised populations of 
rhizobia should be made. In the following section, I will discuss the implications 
of the co-existence of introduced and indigenous R. l. trifolii strains in 
agricultural soils. 
 
1.4.1.1 Competition  of  R. l. trifolii strains in agricultural soils 
Clovers, growing in self-regenerating rotations with other crops, face 
extreme competition for nodulation because the regenerating seedlings must 
nodulate with strains from within the soil population of rhizobia every pasture 
year subsequent to its establishment (Sessitsch et al., 2002). In many cases the 
inoculant may dominate nodules and rhizospheres during the growing season in 
the first year, but there are many reports describing the progressive 
displacement of the inoculant strain by indigenous rhizobia in following seasons CHAPTER 1 
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(Dudman and Brockwell, 1968; Roughley et al., 1976; Brockwell et al., 1982; 
Moënne-Loccoz et al., 1994; Hebb et al., 1998). In extreme situations, there are 
reports of indigenous R. l. trifolii strains in agricultural soils forming barriers to 
the inoculant strains in the year of establishment (Holland, 1970; Jones et al., 
1978). Under these circumstances, problems arise when the indigenous clover 
strains are ineffective or sub-optimal in N2 fixation with the introduced clover 
(Holding and King, 1963; Labandera and Vincent, 1975; Hagedorn, 1978).  
The source of indigenous rhizobia can be significant in relation to the 
level of effectiveness that they deliver to the clover species planted. Previous 
reports have drawn attention to problems of sub-optimal N2 fixation where 
perennial and annual clovers and their micro-symbionts co-exist (Parker and 
Allen, 1952; Vincent, 1954; Baird, 1955; Hely, 1957; Norris, 1959; Jones and 
Evans, 1961; Norris and ‘t Mannetje, 1964; Brockwell and Katznelson, 1976; 
Thornton and Davey, 1983; Friedericks et al., 1990; Pryor et al., 1998; Patrick 
and Lowther, 2004), hence whether the indigenous strains were previously 
associated with annual or perennial clovers can be important. Further, as there 
are major influences on symbiotic compatibilities between the clover host and 
R. l. trifolii strain depending on their centres of origin (i.e., Africa, America and 
the Euro-Mediterranean) (Holding and King, 1963; Hagedorn, 1978; Lie, 1982), 
it is important to determine the origin of any indigenous rhizobia.  
In the agricultural areas of southern Australia, there were no recorded 
indigenous clovers prior to European settlement (Zohary and Heller, 1984). The 
advent of European farmers and their farming practices ensured most clover 
introductions originated from the Euro-Mediterranean region, although it is 
possible that African clovers and their rhizobia were loaded onto boats at 
Capetown, South Africa, to provide feed for animals en route to Australia. CHAPTER 1 
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Fortunately (or perhaps because of this origin), most commercially available 
clovers in southern Australia have their origins in the Mediterranean region and 
hence do not face the difficulties of disparate indigenous background 
populations evident in the Americas (; Holland, 1970; Labandera and Vincent, 
1975 Hagedorn, 1978; Jones et al., 1978; Hagedorn et al., 1983) and Africa 
(Norris and ‘t Mannetje, 1964; Small, 1965). However, in southern Australia 
there are still reports of ineffective or sub-optimal symbiotic relationships arising 
from naturalised rhizobia (Vincent, 1954; Ireland and Vincent, 1968; Gibson et 
al., 1975; Rys and Bonish, 1981; Gaur and Lowther, 1982; Slattery et al., 1992; 
Slattery and Coventry, 1993, 1999; Denton et al., 2000, 2002) and it would be 
very informative to study the origin of these ineffective strains. The approach of 
Stepkowski et al. (2005) of looking at patterns of distribution of housekeeping 
genes, such as dnaK could identify the origin of these strains. Howieson and 
Ballard (2004) reported a survey of soils in southern Australia in which greater 
than 90% (n ≤ 24) of strains in soil populations formed nodules in these soils 
that were only 47% as effective as the control commercial Australian Group C 
inoculation treatment. Similarly, a study conducted in south-western WA by 
Sanford et al. (1994), reported that 29% of 184 sub clover pastures had 
inadequate N2 fixation, achieving between 5-65% of N derived from the 
atmosphere (Ndfa) units. The Sanford et al. (1994) study attributed this 
outcome to very low R. l. trifoli numbers rather than the presence of competitive, 
ineffective indigenous rhizobia, concluding that most soils surveyed were acidic 
and stressful to rhizobial survival, as shown by Chatel et al. (1968) and Chatel 
and Parker (1973). Supporting this, a review by Unkovich et al. (1997) 
estimated the dependence on N2 fixation in grazed sub clover pasture in south-
western WA was between 65-95% Ndfa. These studies provide circumstantial CHAPTER 1 
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evidence of the prevalence of ineffective nodulation in grazed pastures in 
southern Australia. However, these studies do not go further to examine the 
origin of the ineffective symbionts. It may be that African or other exotic clover 
rhizobia have indeed been transported accidentally to this region. More 
information is required on the origin of naturalised strains and on the symbiotic 
interactions of geographically diverse annual and perennial Trifolium spp. with 
R. l. trifolii growing together under competitive conditions.  
 
1.4.2  Soil and biological factors influencing rhizobial 
competition 
Barran and Bromfield (1997) suggested that the solution to rhizobial 
competition for nodulation lies in developing an understanding of: (i) the 
dynamics of the soil population, (ii) the abiotic and biotic factors involved, and 
(iii) the role of the legume host, and (iv) the genetic basis of both nodulation and 
competition for nodulation. These are substantial questions. However, there 
have been research outputs that can help us in answering some of them. 
Numerous genetic, abiotic and biotic factors are known to influence the 
competitiveness of specific rhizobial inoculants. These factors have been 
extensively reviewed by many authors (Dowling and Broughton, 1986; 
Bottomley, 1992; Keyser and Li, 1992; Vlassak and Vanderleyden, 1997; 
Sadowsky and Graham, 1998; Sessitsch et al., 2002; Graham, 2008) and more 
specifically in southern Australian agricultural environments by Slattery et al. 
(2001) and Howieson and Ballard (2004). The most common factors in southern 
Australia limiting survival, and therefore competitive success in the broader 
context, include mainly abiotic factors that are continually being intensified by 
modern agricultural practices and the environment in which the legumes are CHAPTER 1 
 
36 
grown. Specifically, Howieson and Ballard (2004) described the primary 
stresses in Southern Australia as soil acidity below pH 5.0 or alkalinity above 
pH 8.5, soil clay content below 15% (cation exchange capacity (CEC) below 10 
meq 100/g), and secondary stresses such as aridity, salinity and temperature 
extremes.  
Molecular techniques, such as PCR, have been applied recently to the 
study of competition and used to establish the identity of nodule occupants 
(refer to section 1.1.3.2). Additionally, there are other techniques, such as 
transposon mutagenesis in which a transposon carrying a suitable reporter 
gene such as β-glucuronidase (gusA) (Wilson et al., 1995; Xi et al., 1999; 
Bloem and Law, 2001; Denton et al., 2003; Ramos et al., 2007), β-
galactosidase (lacZ) (Bringhurst et al., 2001) or the fluorescent proteins (i.e., 
green fluorescent protein (gfp)) (Xi et al., 1999; Ramos et al., 2007) is used to 
mark strains and enable them to be tracked. While this has been useful for 
experimentally quantifying outcomes of competition, there has been no 
identification per se of genes required for competition (Sadowsky and Graham, 
1998). Although genes have been shown to affect motility (Mellor et al., 1987), 
nodulation efficiency (Boundy-Mills et al., 1994), cell surface characteristics and 
the synthesis of exopolysaccharides (Laguerre et al., 1992), antibiotic 
production (Triplett, 1988) and symbiotic gene ‘knock-outs’ that compromise 
nodulation success (Hahn and Hennecke, 1988; George and Robert, 1991), it is 
not explicitly known how these genes are involved in nodulation 
competitiveness (Sadowsky and Graham, 1998; Sessitsch et al., 2002).  
Where competition for nodulation exists, studies at the molecular level 
have shown evidence of preference or non-preference for symbiotic partners 
(Hogg et al., 2002; Denton et al., 2003). It is now accepted that this CHAPTER 1 
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phenomenon is regulated within the set of complex biochemical 
communications between the legume and micro-symbiont which leads to 
nodulation (Perret et al., 2000; Howieson and Ballard, 2004). Intuitively, we 
would expect that the partner choice in nitrogen-fixing mutualism would favour 
the combination that fixed the most N. However, legumes are consistently 
unable to recognise ineffective or parasitic rhizobia (Denison, 2000) and from 
the numerous legume-rhizobia competition studies that have been reported, 
only a few describe a selection phenomenon taking place. It can be surmised 
therefore that this phenomenon requires a specific set of conditions to occur. 
 
1.4.2.1  Can legumes and rhizobia influence the establishment of 
their symbiosis? 
Nicol and Thorton (1941), and later Vincent and Waters (1953), provided 
early evidence that some legumes may preferentially nodulate with a particular 
symbiotic partner in competitive environments. Subsequent work suggested that 
an inherent legume-Rhizobium “selection” process militated against the 
development of sub-optimal symbioses in favour of symbiotically effective 
relationships (Robinson et al., 1969a; Date and Brockwell, 1978; Trinick, 1982; 
Bottomley, 1992). Unfortunately, research into “selection” for effective 
symbioses between legume host and micro-symbiont is clouded by a lack of 
uniformity of terms used to describe the process. Authors use different terms, 
such as “selection” (Robinson et al., 1969a; Masterson and Sherwood, 1974; 
Russell and Jones, 1975), or “preference” (Hardarson and Jones, 1979a; 
Hardarson and Jones, 1979b; Jones and Hardarson, 1979; Hardarson et al., 
1982a; Hardarson et al., 1982b), but the studies appear to describe the same 
phenomenon. Furthermore, in some studies it is clear that selection for an CHAPTER 1 
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effective relationship is absent, and instead a mechanism of “exclusion” or 
“restriction” forms a barrier to nodulation by compatible rhizobia (Johnson and 
Means, 1960; Gibson, 1968; Weber and Miller, 1972; Lie et al., 1978; Materon 
and Vincent, 1980; Broughton et al., 1982; Cregan and Keyser, 1986; 
Sadowsky et al., 1987; Davis et al., 1988; Sadowsky and Cregan, 1992; Ferrey 
et al., 1994). Adding to the confusion, McDermott and Graham (1989) described 
restriction as “host selection”. Furthermore, Denison (2000), Simms and Taylor 
(2002), Denison and Kiers (2004), Simms et al. (2005) and Kiers et al. (2008) 
have provided alternative theoretical reasoning, together with alternative terms, 
to again confound the terminology of exclusive, restrictive, preferential and 
selective nodulation as “legume sanctions”. However, these authors are 
describing a phenomenon post-nodulation, whereas, the other authors 
(e.g. Gibson,  1968;  Robinson et al., 1969a;  Hardarson and Jones, 1979a; 
Sadowsky and Cregan, 1992) are presumably providing experimental data on 
pre-infection within the rhizosphere. 
Further, on occasions where data seem to indicate an active selection 
process, authors do not mention the phenomenon (Denton et al., 2003); or that 
selection was observed, but not scientifically validated, such as in the report of 
spontaneous, effective field-nodulated Lotus hispidus (Brockwell et al., 1966). 
Lastly, there may be unclear and inconsistent experimental results, with the 
selection phenomenon compromised by the influence of heterogeneous host 
legume populations (Bromfield, 1984a, 1984b). 
To help clarify this conundrum, Howieson and Ballard (2004) attempted 
to define the mechanisms involved in selection for an effective relationship 
between a legume and its root-nodule bacteria. They considered the 
relationships as falling into one of three categories; ‘selective’, ‘exclusive’ or CHAPTER 1 
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‘promiscuous’ nodulation, viz: (i) selective nodulation is evident where effective 
micro-symbionts are preferentially selected from a pool of variably effective 
strains that are all capable of nodulating the host, (ii) exclusive nodulation is 
where a proportion of micro-symbionts within a pool of strains from a species 
normally able to nodulate the host are unable to do so, and (iii) promiscuous 
nodulation is where there is no apparent selection, or exclusion, of strains within 
the pool but the resultant symbiosis with a diverse range of strain genotypes is 
nearly always effective. 
Table 1.1 provides, in some detail, the reports that provide evidence of 
selection for a symbiotic partner in nodulation across a range of legume 
species. Of the 28 papers presented in Table 1.1, 75% involved clovers and 
their micro-symbiont R. l. trifolii. Notably, of the three selection mechanisms 
proposed by Howieson and Ballard (2004), the most commonly reported for the 
clover and R. l. trifolii symbiosis is “selective” nodulation. Thus, Table 1.1 
summarises published evidence that in certain situations, where competition for 
nodulation between clovers and their micro-symbiont is present, there are 
genetic mechanisms that influence preference for symbiotic partners. CHAPTER 1 
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Table 1.1.  Experimental reports that provide evidence of selection between effective (E) and ineffective (I) symbiotic partners, together with information on 
the experimental growth medium and pH, initial inoculation rate (cells mL
-1), number of rhizobia with ability to nodulate the host in soil (if 
applicable), and method used to identify strains 
Reference Symbiotic  partners Strains 
selected  Growth medium  pH  Inoculation 
(cells mL
-1) 
Indigenous 
cells g
-1 
Method to identity 
rhizobial strain 
Nicol and Thorton 
(1941) 
Trifolium + R. l. trifolii & 
Pisum + R. l. viciae  E & I  SGHS  NR  10
6 NR  Cultural  phenotype 
Vincent and Waters 
(1953)  Trifolium + R. l. trifolii  E & I  AGM  6.5  10
6 NA  Serological  typing 
Singer et al. (1964) 
 
Trifolium + R. l. trifolii  E AGM  ║ GHFS  ≈ 6.5 ║ 6.0  10
6 ║ 10
7 NR  NR 
Holland (1966) 
 
Trifolium + R. l. trifolii  E GHFS  NR  NA  10
3 – 10
6  Gel immune diffusion 
Caldwell and Vest 
(1968) 
Glycine max + 
Bradyrhizobium japonicum  NR EFS  (loam)  NR  NR  NR  Serological  typing 
Robinson (1969a) 
 
Trifolium + R. l. trifolii E  AGM  6.9  10
8  NA  Gel immune diffusion 
Robinson (1969b) 
 
Trifolium + R. l. trifolii  E  AGM  6.9  NR  12 – 17 x10
2 DCC  &  DW 
Jones and Russell 
(1972)  Trifolium + R. l. trifolii  E & I  AGM  ≈ 6.5  10
7 NA  Immuno-fluorescence 
Masterson and 
Sherwood (1974)  Trifolium + R. l. trifolii E  AGM ≈ 6.5  10
8 NA DCC  &  DW 
Marques Pinto et 
al. (1974) 
Medicago + S. meliloti & 
Trifolium + R. l. trifolii  E AGM  ≈ 6.5  10
6 NA  DCC & Antibiotic 
resist. 
Sherwood and 
Masterson (1974)  Trifolium + R. l. trifolii E  AGM  ║ EFS (peat)  ≈ 6.5 ║ 4.9 
- 5.5  NR NR DCC  &  DW 
Russell and Jones 
(1975)  Trifolium + R. l. trifolii  E & I  AGM  6.8  10
7 NA  Immuno-fluorescence 
Brockwell and 
Katznelson (1976)  Trifolium + R. l. trifolii E  AGM ≈ 6.5  NR  NA  Visual ratings 
Roughley et al. 
(1976)  Trifolium + R. l. trifolii  E  EFS  5.5 – 6.2  10
6  nil - 4.2 x 10
2 Immuno-fluorescence 
Hardarson and 
Jones (1979a)  Trifolium + R. l. trifolii E AGM  ║GHFS  ≈ 6.5 ║ 4.4 
- 5.6  10
7 ║ 10
7 NR  Antibiotic  resistance 
Hardarson and 
Jones (1979b)  Trifolium + R. l. trifolii E  GHFS 5.6  10
7 NR  Antibiotic  resistance 
Jones and 
Hardarson (1979)  Trifolium + R. l. trifolii E  GHFS 6.4  10
7 NR  Antibiotic  resistance 
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Table 1 continued ….. 
Reference  Symbiotic partners  Strains 
selected  Growth medium  pH  Inoculation 
(cells mL
-1) 
Indigenous 
cells g
-1 
Method to identity 
rhizobial strain 
Jones and Morley 
(1981)  Trifolium + R. l. trifolii  E  AGM  5, 6, 7.  10
7 NA  Fluorescent  ELISA 
Brockwell et al. 
(1982)  Trifolium + R. l. trifolii  E  EFS (sand-loam)  5.6 – 6.2  10
4  1 - 3.5 x 10
4  Gel immune diffusion 
Hardarson et al. 
(1982a)  Medicago + S. meliloti E  GHFS ║ AGM ║ 
EFS (loam)  NR  10
7 ║ NR 
║10
6  10
5 Antibiotic  resistance 
Hardarson et al. 
(1982b)  Medicago + S. meliloti E  AGM ║ SGHS ║ 
EFS  NR  NR ║10
7 ║ 
10
7  NA Antibiotic  resistance 
Neilan et al., (1984) 
 
Trifolium + R. l. trifolii NR  GHFS  NR NR  NR  Gel  electrophoresis 
Chandra and 
Pareek (1985)  Cicer + Mesorhizobium  E EFS  7.3  10
4-5 NR  Antibiotic  resistance 
Valdivia et al. 
(1988)  Trifolium + R. l. trifolii E  GHFS 4.8  NA  10
3  Gel immune diffusion 
Materon (1994) 
 
Medicago + S. meliloti E  vermiculite  NR 10
8 NA  Antibiotic  resistance 
Montealegre et al. 
(1995) 
Phaseolus vulgaris + R. 
tropici  E perlite  NR  10
6 NA  ELISA 
Montealegre and 
Graham (1996) 
Phaseolus vulgaris + R. 
tropici  E SGHS  NR  10
5 NA  ELISA 
Denton et al. (2003) 
 
Trifolium + R. l. trifolii E  SGHS  +  vermiculite  NR  10
4 NA  gusA - marker 
E – effective, I – ineffective; AGM – agar growth medium; LGM – liquid growth medium; DW – plant shoot dry weight; GHFS – glasshouse field soil; SGHS – sterilised 
glasshouse soil; EFS – experimental field site; NR – not recorded; NA – not applicable; DCC – distinctive cultural characteristics; ELISA – enzyme-linked immunosorbent 
assay.  
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1.5 Research  Aims 
 
1.5.1 Background 
In the new millennium, there has been a determined effort from 
agronomists in Australia to find appropriate perennial legume species and 
introduce them into agricultural systems in southern Australia.  In particular, 
there is a dire need to develop a perennial legume adapted to the substantial 
acreages of acid soils in this region, where M. sativa is unproductive (Howieson 
et al., 2008). Researchers have the background knowledge that annual clovers 
and their micro-symbiont R. l. trifolii are generally acid-tolerant (Kim et al., 1985; 
Davey and Simpson, 1989; Davey et al., 1989), and understandably have 
started to evaluate alternative perennial clover species for this intractable niche 
(Cocks, 2001).  
Establishing new legumes in agricultural systems often requires that 
symbiotically superior inoculant strains are introduced (Brockwell and 
Bottomley, 1995; O’Hara et al., 2001; Sessitsch et al., 2002). Importantly, 
consideration must be given to whether introduced inoculants may have 
detrimental effects on the productivity of existing and valuable legumes already 
in these systems. Unfortunately, the rhizobia that are effective with perennial 
clovers are generally ineffective with annual clovers (Hely, 1957; Norris, 1959; 
Brockwell and Katznelson, 1976; Thornton and Davey, 1983; Pryor et al., 1998) 
and this general incompatibility presents a challenge to the introduction of 
perennial clovers into the Australian setting, where agriculture is still very reliant 
on N2 fixation from sub clover (Unkovich and Pate, 1998; Fillery, 2001) and 
more recently from other annual clovers (Howieson et al., 2000c; Loi et al., 
2005). CHAPTER 2 
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Studies should be designed to increase our understanding of these 
symbiotic interactions so that we can develop strategies to improve the 
management of legume-rhizobia interactions to extend (rather than restrict) the 
use of legumes in new environments. To investigate this, I initiated a study in 
Uruguay where the natural presence of perennial clovers was thought to 
provide a hindrance to the introduction of annual Mediterranean clovers – a 
reverse situation to that emerging within southern Australia as outlined above. 
That is, instead of introducing what appear to be incompatible perennial clovers 
and their micro-symbionts from Africa and America into a system dominated by 
Mediterranean clovers, I would introduce Mediterranean clovers and their 
inoculant rhizobia into Uruguayan natural grasslands. The grasslands contain 
populations of indigenous R .  l.  trifolii that nodulate endemic perennial T. 
polymorphum (Figure 1.1) but form ineffective nodules on annual clovers 
originating from the Mediterranean region, e.g., T. purpureum (Figure 1.2). In 
such an environment it may be possible to study any detrimental effects of 
incompatible symbioses in situ. CHAPTER 2 
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Figure 1.1.  T. polymorphum at reproduction stage growing in natural grassland 
located at Tacuarembo, Uruguay.  
 
 
Figure 1.2.  The Euro-Mediterranean annual clover T. purpureum in flower. CHAPTER 2 
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1.5.2  Aims for this research thesis 
My aims were to: 
1. Assess and compare symbiotic interactions of annual and perennial 
Trifolium spp. with strains of R. l. trifolii isolated from the different centres 
of origin (Africa, America and the Euro-Mediterranean region) under 
controlled glasshouse conditions.  
 
2.  Investigate the competitive ability and persistence of Euro-Mediterranean 
clovers and their micro-symbionts  when introduced into the natural 
grasslands of Uruguay that have co-evolved with perennial clovers 
(American centres of origin). 
 
3.  Seek evidence of preference for nodulation in the Trifolium-R. l. trifolii 
symbiosis at the Uruguayan trial site and, if present, attempt to study the 
phenomenon further under controlled conditions. 
 
4.  Perform a preliminary analysis of the nodD gene (and the genetic region 
it is located in) of R. l. trifolii isolated from different centres of origin. CHAPTER 2 
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CHAPTER 2: 
 
The symbiotic interactions of Rhizobium leguminosarum 
biovar trifolii with annual and perennial Trifolium spp. from 
diverse centres of origin. 
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2.1 Introduction 
The importance of optimal N2 fixation in agriculture based upon an 
effective symbiosis between legumes and their micro-symbionts is well 
accepted (Graham and Vance, 2000) (refer to section 1.1.1). Yet, whether there 
has been evolutionary selection for effective symbioses in ecologically diverse 
natural ecosystems is unknown. Abstraction of material from the field into the 
laboratory has often revealed that in natural systems, where several legume 
species may interact with multiple strains of a single rhizobial species, many of 
the possible Rhizobium – legume combinations are not effective at N2 fixation 
(Lange and Parker, 1960; Howieson and Loi, 1994). In other words, for many 
symbioses there often seems to be an inability for the legume host to selectively 
nodulate with a highly effective micro-symbiont when faced with a choice of 
partner (Ireland and Vincent, 1968; Cregan and Keyser, 1986; Denton et al., 
2000). Notwithstanding the paucity of information available, this appears to be 
the case where annual and perennial legume species co-exist and nodulate 
with the same species of rhizobia (Brockwell and Katznelson, 1976). This 
finding is consistent with previous reports that drew attention to problems of 
sub-optimal N2 fixation when perennial and annual clovers were cultivated 
together (Hely, 1957; Norris, 1959; Thornton and Davey, 1983; Pryor et al., 
1998). This general incompatibility between rhizobia for annual and perennial 
clovers presents a challenge to the introduction of perennial clovers into the 
Australian setting, where agriculture is still very reliant on N2 fixation from sub 
clover (Fillery, 2001; Unkovich and Pate, 1998) and more recently from other 
annual clovers (Howieson et al., 2000c; Loi et al., 2005).  
The clovers and their micro-symbionts have several major centres of 
origin (refer to section 1.3.2.1). In this chapter I explore the symbioses of CHAPTER 2 
 
48 
clovers originating in Africa, Americas, and the Euro-Mediterranean region with 
strains of rhizobia isolated from these same regions, from either annual or 
perennial clovers.  
 
Aims 
My aims for the work presented in this chapter were: 
1.  To investigate whether Trifolium spp. from one of the three centres of 
origin (Africa, America, and Euro-Mediterranean) will form effective N2 
fixing symbioses with R. l. trifolii from the other two centres of origin. 
2.  To seek evidence of effective cross-nodulation between annual and 
perennial clovers from within the regions.  
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2.2 Materials  and  methods 
2.2.1 Effectiveness  experiments 
Three glasshouse experiments (A-C) were conducted using the axenic 
sand culture system described by Howieson et al. (1995) and in detail as 
follows. Experiments were split-pot systems, where the individual rhizobial strain 
formed the main treatment, with 2 different clover species as sub-treatments (2 
plants of each species per pot). All main treatments were replicated three times 
and thus the sub-treatments were replicated six times, with pots arranged in a 
randomized complete block design. The 38-rhizobial strains and 37 clover 
genotypes used in these experiments are listed in Tables 2.1 and 2.2, along 
with notes on their relevant characteristics.  
Experiment A was an evaluation of the symbiotic interaction between 28 
rhizobial strains from major centres of origin and the 2 Mediterranean annual 
species sub clover and T. glanduliferum (gland clover), as well as the South 
American perennial clover T. polymorphum.  
Experiment B focused upon the annual and perennial clovers from Africa 
and their interaction with rhizobia from that centre of diversity in relation to sub 
clover and its Australian 2005 commercial inoculant WSM409.  
Experiment C investigated the cross-nodulation of a set of 16 rhizobial 
strains chosen from experiments A and B as well as others included from 
centres of diversity, with 32 annual and perennial clovers from North and South 
America, South and Central Africa and the Euro-Mediterranean regions. CHAPTER 2 
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Table 2.1. Strains of R. l. trifolii  used in experiments A-C, their synonym and  other       
details of their origin 
Strain  Synonym  Host  Country of origin  Habit  Centre of 
diversity 
CC1329 -  T. glomeratum  Israel Annual  Euro-Medit. 
CC2483g WSM78  T. subterraneum  Macedonia Annual Euro-Medit. 
TA1 WSM169  T. subterraneum  Tasmania, Aus.  Annual  Euro-Medit. 
WU95 WSM170  T. subterraneum  WA, Aus.  Annual  Euro-Medit. 
NA30b -  T. subterraneum  NSW, Aus.  Annual  Euro-Medit. 
WSM409 Group  C T. subterraneum  Sardinia Annual  Euro-Medit. 
UNZ29 -  T. subterraneum  Uruguay Annual  Euro-Medit. 
CC283b WSM46 T. ambiguum  Russia Perennial  Euro-Medit. 
CC4335 -  T. medium  USA Perennial  Euro-Medit. 
CC229 -  T. ochroleucum  Turkey Perennial  Euro-Medit. 
CC1324 -  T. repens  Israel Perennial  Euro-Medit. 
WSM1313 -  T. uniflorum  Hora, Greece  Perennial  Euro-Medit. 
WSM1689 -  T. uniflorum  Appollon, Greece  Perennial  Euro-Medit. 
WSM2010 MAR1466 T. mattirolianum  Ethiopia Annual  Africa 
WSM2012 MAR1468 T. rueppellianum  Ethiopia Annual  Africa 
WSM2013 MAR1469 T. schimperi  Ethiopia Annual  Africa 
WSM2309 -  T. sp.  South Africa  Annual  Africa 
WSM2310 -  T. sp.  South Africa  Annual  Africa 
WSM2311 -  T. sp.  South Africa  Annual  Africa 
WSM2016 MAR1480 T. burchellianum  Ethiopia Perennial  Africa 
WSM2011 MAR1464 T. cryptopodium  Ethiopia Perennial  Africa 
WSM2014 MAR1477 T. polystachum  Ethiopia Perennial  Africa 
CB782 Group  K  T. semipilosum  Kitale, Kenya  Perennial  Africa 
CC277a -  T. dasyphyllum  Colorado, USA  Perennial  North America 
CC278f -  T. nanum  Colorado, USA  Perennial  North America 
CC279a -  T. parryi  Colorado, USA  Perennial  North America 
WSM2298 -  T. polymorphum  Uruguay Perennial  South  America 
WSM2299 -  T. polymorphum  Uruguay Perennial  South  America 
WSM2300 -  T. polymorphum  Uruguay Perennial  South  America 
WSM2301 -  T. polymorphum  Uruguay Perennial  South  America 
WSM2302 -  T. polymorphum  Uruguay Perennial  South  America 
WSM2303 -  T. polymorphum  Uruguay Perennial  South  America 
WSM2304 -  T. polymorphum  Uruguay Perennial  South  America 
WSM2305 -  T. polymorphum  Uruguay Perennial  South  America 
CC1029a -  T. polymorphum  Argentina Perennial  South  America 
CC1029b -  T. polymorphum  Argentina Perennial  South  America 
CC721 -  T. polymorphum  Argentina Perennial  South  America 
CC1006 -  T. polymorphum  Chile Perennial  South  America 
CC = Commonwealth Scientific and Industrial Research Organisation (CSIRO) culture collection, 
Canberra, Australia (now resident at the Murdoch University). 
TA = John Brockwell, Tasmanian Agriculture culture collection, Australia. 
WU = David Chatel, University of Western Australia culture collection, Australia. 
NA = New South Wales Agriculture culture collection, Australia. 
WSM = Western Australian Soil Microbiology culture collection, Centre for Rhizobium Studies, Murdoch   
University, Perth, Australia. 
MAR = Mary Ryder culture collection (Marondera, Zimbabwe). 
CB = CSIRO culture collection, Brisbane, Australia (now resident at the Murdoch University). 
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Table 2.2. Trifolium accessions used in experiments A-C with notes on their growth 
cycle, origin and source. 
 
Trifolium species  Accession* Habit Centre of diversity
T. clusii  A087358 Annual  Euro-Mediterranean 
T. glanduliferum  CP187182 Annual  Euro-Mediterranean 
T. incarnatum  Caprera Annual  Euro-Mediterranean 
T. isthmocarpum  MAR14.10.1 Annual  Euro-Mediterranean 
T. michelianum  Paradana Annual  Euro-Mediterranean 
T. pallidum  95GCN119 Annual  Euro-Mediterranean 
T. resupinatum  A045887-2 Annual  Euro-Mediterranean 
T. scutatum  87634(SP197) Annual  Euro-Mediterranean 
T. subterraneum  York Annual  Euro-Mediterranean 
T. tomentosum  AMCD35TOM Annual  Euro-Mediterranean 
T. ambiguum  Endura Perennial  Euro-Mediterranean 
T. canescens  PL4188661999 Perennial  Euro-Mediterranean 
T. fragiferum  C1212 Perennial  Euro-Mediterranean 
T. medium  2181154 Perennial  Euro-Mediterranean 
T. ochroleucum  A24413307 Perennial  Euro-Mediterranean 
T. pratense  Russian No. 9  Perennial  Euro-Mediterranean 
T. pratense  Redquin Perennial  Euro-Mediterranean 
T. repens  037701 Perennial  Euro-Mediterranean 
T. repens  036120 Perennial  Euro-Mediterranean 
T. tumens  1986267 Perennial  Euro-Mediterranean 
T. tumens  16758246 Perennial  Euro-Mediterranean 
T. uniflorum  8722547 Perennial  Euro-Mediterranean 
T. uniflorum  - Perennial  Euro-Mediterranean 
T. mattirolianum  - Annual  Africa 
T. multinerve  87259 Annual  Africa 
T. steudneri  - Annual  Africa 
T. rueppellianum  - Annual  Africa 
T. simense  - Perennial  Africa 
T. burchellianum  - Perennial  Africa 
T. semipilosum  Safari Perennial  Africa 
T. usamburense  - Perennial  Africa 
T. bejariense  P14168 Annual  North  America 
T. tridentetum  CQ1263 Annual  North  America 
T. amabile  A2 2424CP190782  Perennial  North America 
T. longpipes  A2436817 Perennial  North  America 
T. reflexum  PI29182501SP1048 Perennial North  America 
T. wormskioldii  A24374 Perennial  North  America 
T. polymorphum  87102 Perennial  South  America 
 
Seeds of clover genotypes were supplied by Richard Snowball, Australian Trifolium Genetic Resource 
Centre (ATGRC), Department of Agriculture, Western Australia), Daniel Real (INIA, Uruguay), Mary Ryder 
(Marondera, Zimbabwe), Ian Law (Agricultural Research Council (ARC), PPRI, South Africa), Bruce 
Pengelly (CSIRO, Brisbane), Steve Hughes (SARDI, South Australia), USDA (Maryland, USA), Norman 
Taylor (University of Kentucky, USA).  
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2.2.1.1 Experimental  preparation, inoculation and sowing 
Plants were grown in free-draining 1.5 kg pots that contained a steamed 
sand mix [pH 6.4 (0.01 M CaCl2)] consisting of equal parts of leached yellow 
sand and river sand. Polyvinyl chloride (PVC) tubes (25 mm diam, 250 mm 
length) with lids were inserted into the sand mix for supply of water and 
nutrients. The pots, tubes and lids were sterilised by immersing them in 4% 
(w/v) NaHClO4 for 3 d then rinsed in sterile distilled water. To stop sand from 
leaking out, the bottom of each pot was lined with sterile absorbent paper. Each 
pot of sand mix was flushed three times with boiling autoclaved water to remove 
inorganic N. This sand mix is extremely N deficient (1 and 2 mg Kg
-1 of NO3
 and 
NH4, respectively), allowing N2 fixation to be monitored as a direct function of 
plant growth. 
The 38 clover strains (Table 2.1) were preserved in short-term storage at 
-20
oC in 1.5 mL micro-centrifuge tubes containing 30% (v v
-1) glycerol in 
modified half lupin agar (½ LA) broths (Yates et al., 2007). The medium 
contained: (g L
-1) mannitol (5.0); D-glucose (5.0); yeast extract (1.25); and (mM) 
MgSO4.7H2O (3.2); NaCl (1.7), CaCl2.2H2O (1.4); and (µM) K2HPO4 (100); 
KH2PO4 (100); FeSO4 (18); Na2B4O7 (6); MnSO4.4H2O (12); ZnSO4.7H2O 
(0.76); CuSO4.5H2O (0.32) and Na2MoO4.2H2O (0.54). The pH was adjusted to 
6.8 units with 0.1 M NaOH. Cultures of inoculant strains were grown on ½ LA 
plates (including 18 g L
-1) for 4 d before the commencement of an experiment. 
Four days before the commencement of an experiment, seeds of various 
clovers (Table 2.2) were surface sterilised by immersion in 70% (v v
-1) ethanol 
(60 s) followed by 4% (w v
-1) NaHClO4 (30 s), then washed in six changes of 
sterile distilled water and germinated at room temperature on water agar (1.5%, 
w v
-1) plates. Plates were completely covered with aluminum foil, inverted after CHAPTER 2 
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36 h and the imbibed seed monitored until radicals were approximately 3 mm in 
length (2-5 d) in readiness for transplanting.  
Each pot was sown with 4 germinated seeds of 2 different clover species 
(2 plants of each species pot
-1). The germinated seeds were sown to a depth of 
5 mm using sterile forceps. For inoculation, colonies were aseptically washed 
off agar plates with sterile 1% (w/v) sucrose solution and placed in a sterile 50 
mL screw-topped container. Seedlings were inoculated with 1 mL (10
9 cells) 
delivered by syringe to each hypocotyl. All three experiments included 
uninoculated and supplied nitrogen (+N) controls, the latter receiving 10 mL 
0.25 M KNO3 pot
-1 weekly. The surface of each pot was covered with sterile 
polyethylene beads to a depth of 15 mm.  
 
2.2.1.2  Growing conditions, harvesting and statistical analysis 
The experiments were conducted in a naturally lit phytotron maintained 
at 22°C during the day time. Cooled autoclaved (121°C for 20 min) water and 
nutrient solution (Howieson et al., 1995) were given alternately every second 
day. Twenty mL of nutrient solution was given to the plants until 3 weeks of age 
and then increased to 40 mL after there. After 56 d the plants were carefully 
removed, washed free of soil and the nodules, if present, counted and recorded. 
Plants were cut at the hypocotyl, shoots removed, dried at 70°C for 5 d and 
then weighed. The capacity for N2-fixation (effectiveness) was determined by 
comparing yields of inoculated plants with +N controls within plant species. The 
strains were separated into three groups; effective = >75% of +N control (E), 
partially effective = >20% but <75% of +N control (PE) and ineffective = <20% 
of +N control (I). 
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General analyses of variance using a 5% least significant difference 
(LSD) were calculated on the data sets using GenStat 8® (Release 8.1, Lawes 
Agricultural Trust, Rothamsted Experimental  Station) and are shown in the 
figures where appropriate. Effectiveness classification (E, PE, I, X) as indicated 
in Table 2.3 is based upon the overall average yield of plants within treatments 
across replications. 
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2.3 Results 
 
2.3.1 Experiment  A   
Neither subterranean nor gland annual clover were able to form an 
effective symbiosis with rhizobial strains WSM2298-WSM2305, CC721, 
CC1029a, CC1029b, CC1006 isolated from the perennial clover 
T. polymorphum indigenous to S. America, regardless of  whether the strain 
originated from Uruguay, Chile or Argentina (Figure 2.1). Similarly, these two 
important annual clovers were unable to fix N with strains isolated from annual 
(WSM2012, WSM2013) or perennial (WSM2011, WSM2016) Ethiopian clovers. 
In contrast, subterranean (but not gland) clover formed an effective symbiosis 
with strains from annual clovers originating from the Euro-Mediterranean region 
and with strains WSM2309, and WSM2311 originating from unidentified clovers 
in South Africa, and a partially effective symbiosis with NA30b, CC1329 and 
WSM2310 (Figure 2.1). Gland clover was substantially more restricted than sub 
clover in its ability to nodulate effectively with annual clover strains, irrespective 
of their origin, and seven strains (WSM2011, WSM2012, WSM2298, WSM2299, 
WSM2300, CC1006 and CC1029b) did not nodulate this species. These seven 
strains all originated from Africa and South America. Sub clover, but not gland 
clover, formed an effective symbiosis with CC4335, which originates from a 
perennial clover growing in the USA but native to the Euro-Mediterranean 
centre of diversity. 
T. polymorphum from Uruguay commonly  formed partially effective 
nodules with strains from the same species originating in Uruguay (7 of 8 
strains), but not when strains originated from Argentina or Chile (Figure 2.1).  CHAPTER 2 
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Figure 2.1.  Dry weight of shoots (% of +N control) produced on the 
Euro-Mediterranean annual clovers T. subterraneum and 
T. glanduliferum  and the South American perennial clover 
T. polymorphum  by strains of R. l. trifolii from different centres of 
diversity. Strains WSM2011, WSM2012, WSM2016, CC1006 and 
CC1029b did not nodulate T. polymorphum. Strains WSM2011, 
WSM2012, WSM2298, WSM2299, WSM2300, WSM2309, CC1006 and 
CC1029b did not nodulate T. glanduliferum. All strains nodulated 
T. subterraneum. An asterisk indicates strains isolated from perennial 
clovers.  
 
 
In fact, this host did not form nodules with two strains from 
T. polymorphum originating in Chile or Argentina (CC1006 and CC1029b). 
T. polymorphum did not nodulate with several strains from the African clovers 
and did not nodulate effectively with any strain originating from the African 
clovers, whether annual or perennial. 
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2.3.2 Experiment  B 
The perennial African clovers T. burchellianum,  T. mattirolianum and 
T. usamburense  were specific, moderately specific and promiscuous, 
respectively, in their relationships with rhizobial strains originating from Africa 
(Figure 2.2). Whilst T. usambarense was able to effectively fix N2 with all annual 
and perennial strains of African origin, T. burchellianum formed an effective 
symbiosis with only one strain isolated from this host (WSM2016). The 
perennial African clover T. simense and the annual African clover T. steudneri 
failed to effectively nodulate with any strain, whilst the remaining annual African 
clovers, T. rueppellianum and T. mattirolianum, fixed adequate N with only one 
rhizobial strain from Africa. That is, T. rueppellianum was effectively nodulated 
by a strain isolated from a perennial clover (WSM2014) and T. mattirolianum 
from a strain isolated from an annual clover (WSM2012). Thus they both only 
formed an effective symbiosis with one of the four African strains. T. 
rueppellianum formed a partially effective symbiosis with WSM2012, originally 
isolated from this host. Although able to nodulate, sub clover failed to form an 
effective N2 fixing symbiosis with any root-nodule bacteria from the African 
clovers (all strains yielded equivalent to or less than the uninoculated control, 
data not shown). The Australian commercial inoculant WSM409 was ineffective 
on all six African clovers (Figure 2.2).  
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Figure 2.2.  Dry weight of shoots (% of +N control) produced on African annual 
clovers (A) T. rueppellianum,  T. mattirolianum and T. steudneri and 
perennial clovers (P) T. cheranganiense, T. burchellianum and 
T. usamburense, by strains of R. l. trifolii.  
 
 
2.3.3 Experiment  C 
Fifty-one of the 389 cross-inoculation treatments covering annual and 
perennial clovers and their rhizobia from the major centres of diversity did not 
nodulate (marked as X, Table 2.3). Of the 216 perennial clover symbioses 
examined, only 16 formed effective nodules (E, Table 2.3). In particular, cross-
inoculation of perennial clovers of Euro-Mediterranean origin and rhizobia 
isolated from perennial clovers in this region only displayed 6% effective 
symbioses. However, these same strains were frequently effective (40% of 
symbioses) when inoculated upon the annual clovers from this region. In the 
reciprocal evaluation, only 21% of the strains from the annual clovers of Euro-
Mediterranean origin were effective on to the perennial clover hosts from the 
same region.  CHAPTER 2 
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Both North American and Euro-Mediterranean perennial clover species 
generally formed associations of lesser effectiveness (and were often 
ineffective) when inoculated with rhizobia from perennial clovers originating 
from the homologous regions (dark shading, Table 2.3). The strains of rhizobia 
isolated from the African and North American perennial clovers were highly 
specific, with only one of the cross-inoculation treatments proving effective; that 
of the T. semipilosum inoculant strain CB782 upon this host. Strain CC229, 
from the Euro-Mediterranean region, was ineffective on 31 of the 32 accessions 
of clover in these experiments and did not nodulate T. multinerve. 
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Table 2.3.  Host-strain interaction for 32 Trifolium spp. and 16 R. l. trifolii. Dark shading represents both geographical phonological homologies; light 
shading represents geographical homologies only. Host-strain reactions for N2 fixation are: E, effective; PE, partially effective; I, ineffective; X, 
no nodulation; dash, not tested. Origins of clover species are: NA, North America; SA, South America; Eur, Euro-Mediterranean; Afr, Africa. 
Growth cycles are: A, annual; P, perennial 
Trifolium species Origin  &  CC CC CC  WSM  WSM  CC  CC WSM CC  CB WSM  WSM  TA1  WSM CC  CC 
  growth 279a 278f 277a 2302 1689 229 1324 1313 283b  782  2014 2013    409 2483g  4335 
  cycle  NA P  NA P  NA P  SA P  Eur P  Eur P  Eur P  Eur P  Eur P  Afr P  Afr P  Afr A  Eur A  Eur A  Eur A  Eur A 
T. tumens  Eur P  -  -  -  -  I  I  -  X  I I - I  PE  PE  PE  E 
T. tumens  Eur P  -  -  -  -  I  I  -  X  I I - I E  PE  E  I 
T. medium  Eur P  -  -  -  -  I  I  -  I  I I - I I  PE  PE  PE 
T. repens  Eur P  -  -  -  I  I  I  -  I  I X X I  PE  I  PE  PE 
T. repens  Eur P  -  -  -  I  I  I  -  I  I I I I  PE  PE  I  PE 
T. pratense  Eur P  -  -  -  I  I  I  -  I  I I I I E  PE  E  PE 
T. pratense  Eur P  -  -  -  I  I  I  -  I  I I I I  PE  I  E  PE 
T. fragiferum  Eur P  -  -  -  I  X  I  -  I  I I I I E  E  I  E 
T. ambiguum  Eur P  -  -  -  I  I  I  -  X  E I X  X  X  X  I  X 
T. canescens  Eur P  -  -  -  -  I  I  -  E  I I - I I  PE  E  PE 
T. ochroleucum  Eur P  -  -  -  -  I  I  -  PE  PE -  -  -  E  PE  I  PE 
T. uniflorum  Eur P  -  -  -  -  PE  I  -  PE  I - - -  PE  PE  E  PE 
T. uniflorum  Eur P  -  -  -  -  E  I  -  PE  I X - -  PE  PE  I  PE 
T. resupinatum  Eur A  X  I  I  -  -  I  E  E  E I I - E  E  E  E 
T. clusii  Eur A  X  I  I  -  -  I  E  E  I X I - E  E  E  I 
T. michelianum  Eur A  I  I  I  -  -  I  E  E  E I I X E  E  E  I 
T. isthmocarpum  Eur A  I  I  I  -  -  I  I  I  I X X X I  PE  PE  I 
T. scutatum  Eur A  I  I  I  -  -  I  E  E  E I I X I  E  E  E 
T. pallidum  Eur A  I  I  I  -  -  I  E  E  I I X  X I  I  E  E 
T. incarnatum  Eur A  I  I  I  -  -  I  E  E  E I X  X E  E  E  E 
T. tomentosum  Eur A  X  I  I  -  -  I  E  E  I I I I I  E  E  E 
T. subterraneum  Eur A  I  -  I  I  I  I  E  E  I I I I E  E  E  E 
T. glanduliferum  Eur A  -  -  -  I  I  I  I  PE  I I X I  PE  E  PE  PE 
T. semipilosum  Afr P  I  I  I - - I I I I  E X X IIII
T. multinerve  Afr  A  - - - - X  X - X I X - E X X X X 
T. polymorphum  SA P  X  I  I  PE  I I I I I I X I I I I I 
T. reflexum  NA P  X  I  I - - I I I I I I I I I I I 
T. amabile  NA P  X  I  I - - I  X I I I I I I X I I 
T. wormskioldii  NA P  I  I  I I - I - - I I I I I I I I 
T. longipes  NA P  -  -  - - X I - I X I - - X X I X 
T. bejariense  NA A  X  I  I - - I I I I X  X I I I I I 
T. tridentatum  NA A  -  -  - - I I - I I X - I I I I I CHAPTER 2 
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2.4 Discussion 
There was a high specificity for nodulation and N2 fixation among the 
perennial  Trifolium  spp. and their rhizobia. Less than 12% of the perennial 
clovers formed effective nodules in these experiments. These species included 
T. semipilosum from Africa and mostly clovers originating from the Euro-
Mediterranean region already in commerce. In contrast, 38.5% of the annual 
clovers formed effective nodules. Notably, sub clover (annual) formed nodules 
with all strains tested, and 40% of these were effective for N2 fixation. Although 
these data emphasise that sub clover is promiscuous in nodulation, it also 
supports our concern that N2 fixation by sub clover may be threatened in 
Australia by the introduction of inoculant strains for perennial clovers. The 
symbiosis between sub clover and R. l. trifolii contributes a very large proportion 
of the approximate AUD$2 billion per year that fixed N provides to Australian 
agriculture (Herridge et al., 2001; Peoples and Baldock, 2001). Therefore this 
activity must be carefully managed to avoid compromising this value by the 
release of strains for perennial clovers that are incompatible for N2 fixation with 
sub clover. Ensuring effective symbioses is of particular importance since only 
15% of cross-inoculation treatments failed to nodulate, indicating that the 
majority of clovers are likely to enter a symbiotic interaction of some form with 
R. l. trifolii. 
The results revealed that very few perennial clover species formed 
effective symbioses. Moreover, many of the rhizobia isolated from perennial 
clovers also exhibited a narrow host range for effective nodulation. Symbiotic 
specificity for N2 fixation in clover has previously been reported at the 
interspecific level [(WU95 with annual clovers) Howieson et al., 2000b] and at 
the intraspecific level [(TA1 with T. subterraneum cv. Woogenellup) Gibson, CHAPTER 2 
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1968]. The ineffective nodulation by CC229 of 32 accessions representing 28 
species of Trifolium may be an example of extreme specificity for N2 fixation. 
Strain CC229 is listed as a partially effective strain in the CSIRO culture 
collection, Canberra (CC) (J. Brockwell, Canberra, Australia, pers. comm.) and 
it may be that this strain is not symbiotically proficient with any host as 
described by Beauregard et al. (2004). Moreover, the results these experiments 
indicate that it would be a difficult task to select effective inocula for potential 
perennial clovers in agriculture, particularly if they originate in Africa or the 
America’s. Notably, it was found that for the Euro-Mediterranean perennial 
clovers, a higher proportion of strains from the annual clovers from this region 
were effective with these species than were strains from the perennial clovers. 
This offers the possibility of matching pre-existing elite inoculant strains for the 
valuable annual clovers to the perennial clovers from the Euro-Mediterranean 
centre of diversity. 
The annual species, gland clover, was less promiscuous than sub clover 
in its ability to form effective symbioses. Additionally, the African clover, T. 
steudneri, was also highly specific. Hence, it might be speculated that for both 
annual and perennial clovers, only those species that are relatively promiscuous 
have been hitherto commercialised and that the less promiscuous species 
require intensive rhizobiology before commercialisation is possible. 
Barriers to effective nodulation in the clover symbioses appeared to be 
mainly geographic (i.e., an incompatibility associated with a geographic 
separation) but, phenological influences (i.e., related to growth cycle) were 
apparent. With regard to geographic barriers, when strains of R. l. trifolii were 
inoculated on clovers from regions of diversity outside their own, ineffective or 
non-infective associations generally arose. An extreme example of this was with CHAPTER 2 
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T. polymorphum (seed from Uruguay) that failed to nodulate with neighbouring 
Chilean and Argentinean T. polymorphum isolates. An example of geographical 
isolation is speculated to have contributed to the exclusive nodulation of Pisum 
sativum cv. Afghanistan pea, which contains the gene Sym-2, by strains of R. 
leguminosarum bv. viceae, which contains the nodX symbiotic gene that 
acetylates Nod-factor (Davis et al., 1988; Geurts et al., 1997). Perhaps a similar 
mechanism involving Nod-factor decoration will explain the specificity found in 
the nodulation of geographically isolated clover species.  
Barriers to effective nodulation appeared to come to a lesser extent from 
phenological influences (i.e., annual or perennial). However, strains originating 
from annual clovers did, albeit infrequently, effectively nodulate perennial 
species. Many of the Euro–Mediterranean strains isolated from perennial 
clovers effectively nodulated annual clovers from that region. Although Vincent 
(1954) reported ineffective nodulation of sub clover with strains effective upon 
the perennial clovers T. repens and T. pratense, the results revealed sub clover 
crossed the phenological barrier and were effectively nodulated when 
inoculated with 2 of 5 rhizobial strains from perennial clovers originating from 
the Euro–Mediterranean region.  
There were large limited standard deviations (data not shown) in some of 
the data sets for the perennial clovers, particularly those from Africa (e.g. Figure 
2.2). The general inconsistency in nodulation and growth performance of these 
clovers probably relates either to their seed quality, the growing environment or 
perhaps their heterozygosity. If it is the latter, this may represent an opportunity 
to select genotypes from within the species that have favourable symbiotic 
performance with inoculant quality strains of rhizobia. A similar scenario exists CHAPTER 2 
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for M. sativa (Mytton et al., 1984; Howieson et al., 2000a) and this may relate to 
the out-crossing nature of many perennial species (Zohary and Heller, 1984). 
The data presented indicate that selecting inoculant strains compatible 
with both sub clover and perennial clovers will be difficult, and perhaps even 
more difficult for the less promiscuous annual clovers, represented by T. 
glanduliferum (Howieson and Ballard, 2004). Nonetheless, there are examples 
of some strains of Euro–Mediterranean origin that have a relatively broad host 
range. WSM1313, isolated from the perennial clover T. uniflorum, exhibited 
effective nodulation with many of the annual clovers tested from the same 
region. Strains TA1 and CC2483g, from Euro–Mediterranean annual clovers, 
were also often effective or partially so on some of the perennial species from 
the same region. However, very few strains, whether they arose from annual or 
perennial clovers, were able to nodulate clovers from different centres of 
diversity. Hely (1957), Norris (1959) and, more recently, Friedericks et al. (1990) 
drew attention to the specific symbiotic requirements of the European and 
African clovers, respectively, and these data suggest the American perennial 
clovers are similarly highly specific. Friedericks et al. (1990) reported that the 
annual Ethiopian clover, T. steudneri, was ineffectively nodulated by 
T. ruepellianum rhizobial strains, which is supported by these results (Figure 
2.2). 
Thus, the general incompatibility between rhizobia for annual and 
perennial clovers presents a challenge to the introduction of perennial clovers 
into the Australian setting where agriculture is still very reliant on N2 fixation 
from sub clover (Unkovich and Pate,  1998; Fillery, 2001) and more recently 
from other annual clovers (Howieson et al., 2000c; Loi et al., 2005). Are these 
preliminary observations a warning signal for practioners to consider when CHAPTER 2 
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attempting to increase the legume biodiversity of managed ecosystems? In 
other words, when attempting to extend the use of legumes in agriculture, what 
care must be taken to manage the inputs of rhizobial genotypes into that 
system? To begin to answer these questions a comprehensive ecological study 
was undertaken in Uruguay to study the implications of introducing strains of 
rhizobia effective on annual clovers into a pre-existing background of rhizobia 
that have co-evolved with perennial clovers. These experiments are described 
in the following chapters. CHAPTER 2 
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CHAPTER 3:  
 
Competitive ability and persistence of Euro-Mediterranean 
clovers and their micro-symbionts when introduced into 
the natural grasslands of Uruguay. 
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3.1 Introduction 
Biological N2 fixation from effectively nodulated legumes is an important 
and integral component of sustainable agricultural systems (Robson, 1990; 
Graham and Vance, 2000; Sessitsch et al., 2002). Increases in N2 fixation in 
southern Australia have been obtained through the introduction of legumes and 
their root-nodule symbionts with evolutionary origins predominantly from the 
Mediterranean region (e.g., Loi et al., 2005). However, edaphic environments 
can often impose serious limitations that challenge the adaptation of these 
symbioses (Zahran, 1999; Howieson et al., 2000a). Successful establishment of 
legumes requires an understanding of the factors that affect their symbiotic 
interactions (Ballard and Charman, 2000; Slattery et al., 2001; Howieson and 
Ballard, 2004). The introduced rhizobia must form effective root-nodules (i.e. 
capable of significant N2 fixation), and also have the ability to establish and 
persist alongside other soil micro-flora in the environment (Brockwell et al., 
1995). 
One challenge to the successful establishment of an effective symbiosis 
between a newly introduced legume and its rhizobial partner is competition from 
populations of resident rhizobia for nodule occupancy (Dowling and Broughton, 
1986; Triplett and Sadowsky, 1992; Streeter, 1994). Resident rhizobia that 
out-compete inoculant strains for nodule occupancy may form an ineffective 
symbiosis (Vlassak and Vanderleyden, 1997; Pryor et al., 1998; Sadowsky and 
Graham, 1998; Charman and Ballard, 2004). Just as importantly, introduced 
inoculant strains may have detrimental effects on the productivity of existing, 
economically valuable legumes. In certain cases, evidence has been reported 
that some legumes may preferentially nodulate with an effective bacterial 
partner (Robinson 1969a, 1969b; Jones and Hardarson, 1979). Additionally, in CHAPTER 3 
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contrast to selective nodulation, Howieson and Ballard (2004) described 
“exclusive nodulation” where the host appears to exclude nodulation by 
otherwise compatible rhizobia. 
The previous chapter revealed both geographic and phenological 
barriers for the effective nodulation of clovers, particularly that the rhizobia from 
perennial clovers are generally ineffective with annual clovers. This presents a 
challenge to the introduction of perennial clovers into the Australian setting 
where agriculture is still very reliant on N2 fixation from sub clover, and more 
recently, from other aerial-seeding annual clovers (Howieson et al., 2000c; Loi 
et al., 2005). Studies must be designed to increase our understanding of these 
symbiotic interactions so that we can develop strategies to improve the 
management of legume-rhizobia interactions to extend (rather than restrict) the 
use of legumes in new environments. To investigate this, a study was initiated 
in Uruguay that could be considered the inverse of the situation emerging 
within southern Australia. That is, instead of introducing what appear to be 
incompatible perennial clovers and their micro-symbionts from Africa and 
America into a system dominated by Mediterranean clovers, I would introduce 
Mediterranean clovers and their inoculant rhizobia into Uruguayan natural 
grasslands. The grasslands contain populations of indigenous R. l. trifolii that 
nodulate endemic T. polymorphum effectively, but form ineffective nodules on 
clovers originating from the Mediterranean region (Labandera and Vincent, 
1975).  The research was conducted in support of the legume introduction 
program for improved pasture production described by Real et al. (2004).  
This chapter reports on the first two years of a three year field 
experiment conducted in Uruguay. The findings from the third year are given in 
chapter 4. CHAPTER 3 
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Aims 
 
The aims of the work presented in this chapter were: 
1.  To investigate whether 9 Mediterranean strains can establish with 
background rhizobia endemic to the Uruguayan grasslands.  
2.  To determine the persistence of the introduced strains and their 
symbiotic interactions over two years. 
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3.2 Materials  and  methods 
 
3.2.1 Most  probable  number  of rhizobia in Uruguayan soil 
In April 1999, three core (50 mm diameter) soil samples (20 g) were 
taken to 50 mm depth from native grasslands at Glencoe Experimental 
Research Station (320132S, 570039W). Most probable number assays 
were prepared using the closed-container growth system described in detail by 
Yates et al. (2004). The procedure was similar to the method described for the 
sand culture system (section 2.2.1). It essentially consisted of surface-sterilised 
T. polymorphum seedlings grown in autoclaved 200 mL screw-topped 
polycarbonate sand-filled containers with added nutrient solution (20 mL). The 
five-fold dilution plant infection test was used (Brockwell, 1982), except that 
screw-top containers were used instead of glass tubes. For each soil sample, 
one soil dilution was inoculated into each container. There were two replicates 
for each dilution, as well as uninoculated controls. Containers were arranged in 
randomised blocks in a naturally-lit phytotron maintained at 22
oC. After 8 
weeks, the roots were carefully excavated, washed free of soil and the 
presence or absence of nodules recorded.  
 
3.2.2  Experimental design (year 1) 
A randomized, cross-row experiment (Howieson and Ewing, 1986; 
Howieson et al., 2000b) was sown in April 1999. It consisted of 10 inoculant 
treatments including an uninoculated control, 5 Australian current or past 
commercial  R. l. trifolii strains (TA1, WU95, CC2483g, WSM1328 and 
WSM409) and 4 experimental strains originating from annual clovers growing in CHAPTER 3 
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the Mediterranean basin (Table 3.1) (Howieson and Loi, 1994). These strains 
included CC299b, WSM1317, WSM1325 and NA3039, and were selected 
because of their high performance either in N fixation in the glasshouse and/or 
saprophytic competence in field screening tests (unpublished R Yates and J 
Howieson, Murdoch University, WA, Aust.). The treatments were arranged 
randomly within blocks by 5 replicates (Figure 3.1).  
 
Table 3.1.  Origins of the R. l. trifolii inoculant strains 
 
Strains  Original Host Life Cycle Origin of Collection 
CC299b  T. vesiculosum  Annual Tasmania,  Australia 
CC2483g  T. subterraneum  Annual Macedonia
NA3039  T. subterraneum  Annual NSW,  Australia 
TA1  T. subterraneum  Annual Tasmania,  Australia 
WSM409  T. subterraneum  Annual Sardinia, Italy
WSM1317  T. angustifolium  Annual Serifos,  Greece 
WSM1325  Trifolium sp.*  Annual Serifos,  Greece 
WSM1328  Trifolium sp.*  Annual Serifos, Greece 
WSM2302  T. polymorphum  Perennial Glencoe,  Uruguay 
WU95  T. subterraneum  Annual WA,  Australia 
* Unidentified annual Trifolium sp. (John Howieson, CRS, pers. com.)  
CC = Commonwealth Scientific and Industrial Research Organisation (CSIRO) culture collection, 
Canberra, Australia (now resident at the Murdoch University). 
NA = New South Wales Agriculture culture collection, Australia. 
TA = John Brockwell, Tasmanian Agriculture culture collection, Australia. 
WU = David Chatel, University of Western Australia culture collection, Australia. 
WSM = Western Australian Soil Microbiology culture collection, Centre for Rhizobium Studies, Murdoch   
University, Perth, Australia. 
 
Plot 1  Plot 2  Plot 3  Plot 4  Plot 5  Plot 6  Plot 7  Plot 8  Plot 9  Plot 10 
UNINOC NA3039 WSM409  WU95 WSM1473  TA1  WSM1325  CC299b  WSM1328  CC2483g 
Plot 11  Plot 12  Plot 13  Plot 14  Plot 15  Plot 16  Plot 17  Plot 18  Plot 19  Plot 20 
WSM1325 WSM1328 WSM1473  UNINOC  TA1  CC299b  NA3039  WU95  CC2483g  WSM409 
Plot 21  Plot 22  Plot 23  Plot 24  Plot 25  Plot 26  Plot 27  Plot 28  Plot 29  Plot 30 
WSM1328 CC2483g  NA3039  TA1  WSM409 WSM1325  WU95  WSM1473 UNINOC  CC299b 
Plot 31  Plot 32  Plot 33  Plot 34  Plot 35  Plot 36  Plot 37  Plot 38  Plot 39  Plot 40 
NA3039  WSM1325 WSM1328 WSM1473  CC299b  WSM409  UNINOC  CC2483g  TA1  WU95 
Plot 41  Plot 42  Plot 43  Plot 44  Plot 45  Plot 46  Plot 47  Plot 48  Plot 49  Plot 50 
WSM1473 WU95  UNINOC  CC2483g NA3039  WSM1328  WSM409  WSM1325  CC299b  TA1 
Figure 3.1.  Experimental block design of treatments including 9 inoculant strains and 
an uninoculated treatment. CHAPTER 3 
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3.2.3  Site and preparation 
The field experiment was carried out at the ‘Glencoe’ Experimental 
Research Station in unimproved native pastures in the basaltic region of 
Uruguay containing vertisol soil. This pasture was dominated by C3 and C4 
grasses from the genera Paspalum, Schizachyrium, Chloris, Eragrostis, Stipa 
and Piptochaetium (Berretta, 1998), but also contained a number of indigenous 
legumes including T. polymorphum. No other clovers except T. polymorphum 
were present at the site before the establishment of the cross-row trial. Prior to 
sowing, the site was mowed and sprayed with glyphosate (0.5 L ha
-1) to 
suppress existing native pasture. 
 
3.2.4 Inoculation  and  Sowing 
Seeds of T. vesiculosum were surface-sterilised by immersion in 70% (v 
v
-1) ethanol for 50 s followed by 4% (v v
-1) NaHClO4 for 60 s and then washed 
using 6 changes of sterilised de-ionised water. They were then air-dried 
aseptically in a laminer flow cabinet and inoculated. The 9 strains of rhizobia 
were grown at 28
oC in ½ LA broth to an optical density at 600nm (OD600nm) of 
approximately 1.0 using a spectrophotometer (Hitachi U-1100, Tokyo, Japan). 
Twenty-eight mL of each strain at 10
9 cells g
-1 (as measured by a Miles and 
Misra viable cell count (Singleton, 1992)) was injected aseptically into separate 
50 g bags of sterile peat (Biocare Technology Pty, Ltd. Somersby, NSW, 
Australia). An uninoculated control was prepared by injecting 25 mL of sterile ½ 
LA broth into a 50 g bag of sterile peat. The bags were thoroughly mixed, 
incubated at 28
oC for 12 d and stored at 3
oC until required.  CHAPTER 3 
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The surface-sterilised T. vesiculosum seed was inoculated by slurry and 
then immediately lime-pelleted. The slurry was prepared by mixing 2 mL of 
autoclaved 1.5% Methocel adhesive solution with 0.5 g peat for each inoculant 
treatment. Aseptically, 1 mL of the 10 separate slurries was coated onto 5 g of 
seed and dusted with 1 g of finely ground lime. Inoculated seed was stored at 
3
oC overnight and sown the next day. The experiment was sown on 20
th April 
1999, in dry, overcast conditions. The treatments were sown in 1.5 m lines (1 g 
m
-1), all buffered by 1 m of border (Figure 3.2) and hand fertilised with 150 kg 
ha
-1 of phosphate fertiliser (15% available P).  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.2.  Diagrammatic representation of the plot management over 2 years 
(1999-2000) at the Glencoe field trial site, Uruguay. In the first year, 
inoculated T. vesiculosum seed was introduced into the soil at 1 g m
-1. In 
the second year, uninoculated seed (surface-sterilised) of 
T. vesiculosum, T. purpureum and T. spumosum was sown across the 
original row at 1 g m
-1.  
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3.2.5 Sampling  (year  1) 
The experiment was sampled in mid-September (1999) by excavating 
approximately ten plants (if present) from each of the fifty plots. The plants were 
sampled directly adjacent to each peg with a 10 cm wide shovel to a sufficient 
depth to recover the intact root systems (see Figure 3.2). Plant roots were 
carefully washed and nodules counted. The shoots were harvested and dried at 
70°C for 5 d, and then weighed.  
  
3.2.6  Experimental design and sampling (year 2) 
In the second year of the experiment (2000) uninoculated, surface 
sterilised seeds of the annual clovers T. spumosum, T. purpureum and 
T. vesiculosum  were sown into the plots (1 g m
-1), across the original rows 
(15
th June 2000). Strain colonisation was evaluated in mid-September 2000 by 
rating plant growth in the 0-25 cm (inner) and 26-50 cm (outer) regions of the 
cross-rows at a 1 (low biomass) to 10 (high biomass) scale. Within each plot, up 
to 3 plants of each species were randomly excavated from the outer regions of 
the cross-rows to a sufficient depth to recover the intact root systems. Plant 
roots were carefully washed and nodules were excised and desiccated over 
silica gel held in 3-5 mL plastic tubes (Date, 1982).  
 
3.2.7  Isolation and authentication of rhizobia 
Nodules were surface-sterilised by immersion in 70% (v v
-1) ethanol for 
30 s followed by 4% (v v
-1) NaHClO4 for 60 s and then washed using 6 changes 
of sterilised de-ionised water. Under aseptic conditions, nodules were 
individually crushed in a drop of sterile de-ionised water and the contents 
streaked onto ½ LA plates, then incubated at 28C for 4-6 d. Single colonies CHAPTER 3 
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that resembled rhizobia (slightly raised, opaque and entire) were placed into 
1.5 mL micro-centrifuge tubes containing 30% (v v
-1) glycerol in ½ LA broth for 
short-term storage at –20
oC.  
Stored rhizobia from the glycerol vials were grown on ½ LA agar plates in 
preparation for plant tests. The isolates were authenticated on T. purpureum 
using a closed-container growth system described in section 3.2.1, except 500 
mL containers were used. For each treatment, 1 putative isolate was inoculated 
into each container. There were 2 replicates for each isolate, as well as 
uninoculated controls. 
 
3.2.8 Molecular  fingerprinting with primer RPO1 
  The 86 authenticated isolates were fingerprinted using the nifH promoter-
directed primer RPO1 (Richardson et al., 1995). Polymerase chain reaction 
(PCR) profiles were generated from cultures grown to stationary phase in ½ LA 
broth that were then washed and re-suspended in sterile saline (0.89% NaCl w 
v
-1) to OD600nm of 2.0. Each reaction mixture for PCR contained 1 L of prepared 
cells and 2.5 U of Amplitaq® DNA polymerase (Perkin Elmer, MA, USA), 0.5 µM 
of the primer, 1.5 mM MgCl2, 5X PCR Polymerisation buffer [67 mM Tris-HCl 
(pH 8.8 at 25°C), 16 mM (NH4)2SO4, 0.45% Triton X-100, 0.2 mg mL
-1 gelatin, 
0.2 mM dNTPs – Biotech International Ltd.], in a final volume of 20 µL. This 
mixture was held at 94°C for 5 min followed by 35 cycles at 94°C for 30 s, 50°C 
for 20 s, 72°C for 90 s for 5 min. 
  Prior to the amplified DNA fragments being analysed by agarose gel 
electrophoresis (Bio-Rad Sub-Cell GT), a gel loading buffer (0.25% w v
-1 
bromophenol blue, 0.25% w v
-1 xylene cyanol FF, 40% w v
-1 sucrose) was 
added to the samples. Two percent (w v
-1) agarose gels were prepared in TBE CHAPTER 3 
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(90 mM Tris-base, 90 mM boric acid, 2.5 mM EDTA, pH 8.3) to a thickness of 
10 mm and placed in gel tanks buffered with TBE (0.04 M Tris-acetate, 0.001 M 
EDTA, pH 8.0). Samples and a 1 kb ladder (Promega) marker were aliquoted to 
gel wells before electrophoresis was carried out at 80 V for 3 h. On completion 
the gels were stained in ethidium bromide (0.5 µg mL
-1) for 30-45 min and de-
stained in de-ionised water for 15 min. The DNA bands were visualised under 
UV light using a Gel Doc 2000 CCD imaging system (Bio-Rad). 
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3.3 Results 
 
3.3.1 Soil  analysis 
A full description of the acid vertisol soil is summarised from Real et al. 
(2005) in Table 3.2. The region experiences a temperate climate with an 
average historical rainfall of 1400 mm per annum. The annual rainfall during the 
years of the experiment was 1018 mm in 1999, 1316 mm in 2000 and 1576 mm 
in 2001 (Real et al., 2005).  
 
Table 3.2.  Properties of vertisol soil in the basaltic region of Uruguay 
 
Physical Characteristics   
Soil texture (%)   
Sand 14 
Silt 56 
Clay 30 
Mean soil depth (cm)  48 
  
Chemical analysis   
pH (H20) 5.60 
pH (KCl)  4.80 
Organic carbon (%)  5.30 
Organic matter (%)  9.00 
N (%)  0.45 
NO3-N (µg N g
-1) 5.20 
NH4-N (µg N g
-1) 10.70 
P-Bray I (µg P g
-1) 1.40 
P-citric acid (µg P g
-1) 2.10 
Al [cmol(+) kg
-1] 0.07 
Ca [cmol(+) kg
-1] 21.02 
Mg [cmol(+) kg
-1] 7.67 
K [cmol(+) kg
-1] 0.65 
Na [cmol(+) kg
-1] 0.31 
Cu (mg kg
-1) 7.71 
Fe (mg kg
-1) 319.10 
Mn (mg kg
-1) 58.80 
Zn (mg kg
-1) 4.58 
B (mg kg
-1) 1.44 
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3.3.2 Most  probable  number  of rhizobia in Uruguayan soil 
The experimental site contained a mean of 3.3 x 10
4 cells g
-1 soil of 
rhizobia that formed nodules with T. polymorphum. 
 
3.3.3  Strain performance (year 1) 
The 9 inoculant strains varied in their ability to successfully nodulate T. 
vesiculosum and to fix N2 at the Glencoe Research Station. The majority of 
strains that have been successful commercial inoculants in Australia were 
unsuccessful in the Uruguayan setting. Specifically, the Australian inoculant 
strains WU95, TA1, WSM409 and CC2483g were significantly less effective in 
the first year of the experiment, relative to WSM1325 (an experimental strain), 
and WSM1328 (a previous commercial inoculant for T. vesiculosum) (Figure 
3.3). However, both of these strains were isolated from the same clover plant in 
Serifos, Greece (Table 3.1). Plants inoculated with the other experimental 
strains, CC299b and WSM1317, produced higher shoot dry weights than those 
inoculated with the Australian inoculant strains, except for WSM1328. No plants 
survived in the plots inoculated with NA3039. 
  Nodule numbers initially appeared lower for plants inoculated with strains 
WU95, WSM409 and CC2483g than for plants inoculated with strains 
WSM1325, WSM1328 and WSM1317 but differences were not significant 
(Figure 3.4). Notably, TA1 produced the highest nodule numbers per plant and 
the lowest percentage of plants not nodulated than those inoculated with the 
other strains. Plants from the CC2483g inoculated plots and from the 
uninoculated control plots had low nodule numbers and a high percentage of 
the plants were not nodulated. CHAPTER 3 
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Figure 3.3.   Shoot dry weight of T. vesiculosum (g plant
-1) sown on the 20
th April 
1999 and harvested on the 17
th September 1999 (18 weeks) when 
inoculated with 9 strains of R. l.  trifolii and the uninoculated control 
(UNINOC) from the Glencoe field site, Uruguay (1999) in the first year of 
the cross-row experiment. LSD = 0.085 at p ≤ 0.05. 
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Figure 3.4.  Mean nodule number present per ten T. vesiculosum plants and 
percentage of plants not nodulated (% above columns) when harvested 
on the 17
th September 1999 after being inoculated with 9 strains of R. l. 
trifolii from the Glencoe field site, Uruguay (1999) in the first year of the 
cross-row experiment. The uninoculated control is provided as a 
reference (UNINOC). LSD = 2.7 at p ≤ 0.05. 
 
 
 
3.3.4  Strain persistence (year 2) 
The cross-row evaluation focused on T. purpureum, since there was a 
low survival of T. spumosum (mainly attributed to frost damage and/or fungal 
diseases) and NA3039 appeared ineffective on T. vesiculosum. Visual 
assessment of T. purpureum in the cross-rows in the second season of the 
experiment showed that there were substantial differences in the ability of the 
strains to colonise this particular site (Figure 3.5). Plants growing in plots 
inoculated with strains WSM1325, NA3039 and WSM1328 had superior 
biomass production relative to those inoculated with the Australian commercial CHAPTER 3 
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strains TA1, WU95 and WSM409 (Figure 3.6). Strain NA3039 colonised the site 
despite being poorly effective on the introduced legume, T. vesiculosum (Figure 
3.6).  
 
 
Figure 3.5.  Visual biomass ratings from the Glencoe, Uruguay, field site on the 15
th 
September 2000, of inner (0-25 cm) and outer (26-50 cm) second year 
cross-rows of T. purpureum sown as uninoculated seed on the 15
th June 
2000 into plots previously inoculated with 9 strains of R. l. trifolii, and 
uninoculated controls. Red stars indicate plots originally inoculated with 
WSM1325. 
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Figure 3.6.  Second year cross-rows growth response at the Glencoe field site, 
Uruguay, when uninoculated T. purpureum seed was sown on the 15
th 
June into plots previously inoculated with 9 strains of R. l.  trifolii, or 
uninoculated controls. The uninoculated control is provided as a 
reference (UNINOC). 
 
 
3.3.5 Molecular  fingerprinting with primer RPO1 
PCR analysis with primer RPO1 on DNA released from the nine 
introduced strains showed that the banding patterns of strains CC299b, 
CC2483g, NA3039, TA1, WSM1317 and WU95 could be separated and 
identified. In contrast, WSM409, WSM1325 and WSM1328 could not be 
distinguished from each other and thus had similar banding fingerprints (tagged 
SBF). Notably, the SBF could be separated from the other 6 inoculant strains. 
Results indicated that  the nodules occupied by the 86 authenticated strains 
were frequently represented and only 9.3% were not identified as any of the 
inoculant strains introduced to the field site (Table 3.3). The combined SBF 
appeared to be the most aggressive in colonising adjacent plots, where it CHAPTER 3 
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represented 66.7% of the isolates taken from the uninoculated plots and 
represented 67.4% of the overall strains isolated (Table 3.3). 
 
Table 3.3. Predicted nodule occupancy of random T. purpureum plants excavated from 
the outer regions of the cross-rows at Glencoe Research Station, Uruguay, 
based on PCR analysis with primer RPO1. SBF – not distinguishable due to 
having similar banding fingerprints (WSM409, WSM1325 and WSM1328); 
Unidentified – a field isolate, not one of the 9 introduced strains 
 
Plot No.  Inoculant 
(1999) 
Field Isolate (2000) 
(Plot.Nodule.Isolate) 
Isolate Identification
(RP01) 
14  Uninoculated  (14.1.1), (14.1.5), (14.2.1), (14.2.3)  SBF 
 Uninoculated  (14.1.2),  (14.1.3)  WU95 
 Uninoculated  (14.1.4)  Unidentified 
 Uninoculated  (14.2.5)  SBF 
 Uninoculated  (14.2.7)  SBF 
29  Uninoculated  (29.1.1), (29.1.2), (29.1.3)  SBF 
  Uninoculated  (29.2.1), (29.2.3), (29.2.4)  WSM1317 
 Uninoculated  (29.2.2)  NA3039 
43  Uninoculated  (43.1.2), (43.2.1), (43.2.2)  SBF 
  Uninoculated  (43.1.1), (43.2.3), (43.2.4), (43.2.5)  SBF 
 Uninoculated  (43.2.6)  Unidentified 
8  CC299b  (8.2.1), (8.3.1), (8.3.2), (8.4.1), (8.6.1)  SBF 
30  CC299b  (30.1.1), (30.4.1), (30.5.1), (30.6.1)  CC299b 
 CC299b  (30.2.1),  (30.3.1)  SBF 
35  CC299b  (35.3.1), (35.4.1), (35.5.1), (35.6.1)  CC299b 
 CC299b  (35.1.1)  Unidentified 
49  CC299b  (49.2.5), (49.4.1), (49.6.2)  CC299b 
 CC299b  (49.3.10,  (49.4.2),  (49.6.1)  Unidentified 
2 WSM1317 (2.3.8)  WSM1317 
7  WSM1325  (7.1.1), (7.1.2), (7.3.1), (7.4.1), (7.6.1)  SBF 
 WSM1325  (7.2.1)  Unidentified 
11  WSM1325  (11.1.1), (11.2.1), (11.3.1), 11.4.1)  SBF 
 WSM1325  (11.5.1),  (11.6.1)  SBF 
26 WSM1325  (26.1.3)  SBF 
32 WSM1325  (32.1.1),  (32.2.1)  SBF 
 WSM1325  (32.3.1)  Unidentified 
48  WSM1325  (48.3.2), (48.5.2), (48.5.4), (48.6.7)  SBF 
 WSM1325  (48.2.2)  CC299b 
4 WU95  (4.2.1)  WU95 
3  WSM409  (3.5.1), (3.1.1), (3.2.3), (3.2.1)  SBF 
20  WSM409  (20.3.1), (20.4.1), (20.5.1)  SBF 
25  WSM409  (25.3.1), (25.4.1), (25.6.1)  SBF 
 WSM409 (25.1.1),  (25.5.1)  SBF 
36 WSM409  (36.3.1),  (36.4.1)  SBF 
 WSM409 (36.1.1),  (36.2.1)  SBF 
47 WSM409  (47.1.1)  SBF CHAPTER 3 
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3.4 Discussion 
In this 2-year study I was successful in introducing elite strains from 
annual clovers from the Euro-Mediterranean region into the basaltic region of 
Uruguay, a natural environment dominated by perennial clovers. Several of the 
strains such as WSM1325, WSM1328 and NA3039 not only competed well for 
nodule occupancy in the first year, but displayed high saprophytic competence 
(Chatel et al., 1968; Howieson and Ewing, 1986; Howieson, 1995; Slattery and 
Coventry, 1999) and nodulated T. purpureum sufficiently to promote excellent 
sward growth in the second year (Figure 3.4). The performance of NA3039 is 
noteworthy in this respect, as it was ineffective in fixing N2 with T. vesiculosum 
in the year of introduction. The ability of this strain to colonise and persist in acid 
soil has been reported previously by Watkin et al. (2000). These are 
encouraging results for pasture breeders in Uruguay because to date it appears 
most inoculants used in screening Mediterranean annual clovers did not 
perform or persist, and likewise with their introduced clovers (Real et al., 2005). 
The nif-directed primer RPO1 was chosen for use in this study because 
of its reported ability to generate distinct banding patterns at the strain level 
(Richardson et al., 1995). Molecular fingerprinting with the RP01 primer 
provided a relatively easy and inexpensive means of identifying strains in this 
study. However it was quite evident that this primer was not the best choice 
since WSM409, WSM1325 and WSM1328 could not be distinguished from one 
another. Although, it did allow the the other 6 introduced inoculant strains to be 
identified and distinguished from unidentified background soil rhizobia. 
However, based on the other measured variables such as nodulation scores, 
dry matter production and visual biomass ratings, it could be suggested that the CHAPTER 3 
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majority of the identified SBF strains were in fact WSM1325 or WSM1328 not 
WSM409. 
Only 9.3% of the rhizobia isolated from nodules on T. purpureum plants 
appeared to be background soil rhizobia. This is an outstanding result 
considering that there were 3.3 x 10
4 cells g
-1 soil of indigenous T. 
polymorphum  rhizobia in the test plots. Consequently, the introduced strains 
appeared to be out-competing the populations of resident rhizobia for nodule 
occupancy (Dowling and Broughton, 1986; Triplett and Sadowsky, 1992; 
Streeter, 1994). These results indicate that nodule occupancy does not appear 
to be dictated by numerical supremacy (Thies et al., 1991; Howieson et al., 
2000b). However, this high rate of nodule occupancy by the introduced 
inoculant strains indicates that other processes are likely involved. Maybe at 
this site, T. purpureum is actively selecting an effective micro-symbiont with 
which to nodulate (Robinson, 1969a, 1969b; Jones and Hardarson, 1979). 
In summary, the introduced strains persisted and nodulated T. 
purpureum in the Glencoe field site. However, data to confirm whether these 
strains persisted in this environment in the longer term is still needed. 
Importantly, from the point of view of rhizobial competition, information on how 
the indigenous perennial clovers interact with these introduced strains is 
required. The following chapter reports on the third year at the Glencoe field site 
in which the dynamics of competition between introduced Mediterranean R. l. 
trifolii and indigenous Uruguayan strains for clover nodulation were studied. 
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CHAPTER 4: 
 
Evidence of selection for effective nodulation in the 
Trifolium spp. symbiosis with Rhizobium leguminosarum 
biovar trifolii. 
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4.1 Introduction 
In the previous chapter, I established that strains introduced into the 
Glencoe field site persisted and were capable of nodulating T. purpureum into 
the second growing season. The strains included WSM1325, WSM1328 and 
NA3039 which were competitive against a background rhizobial population in 
the first year and nodulated T. purpureum in the year after. This chapter reports 
the findings three years after the introduction of the strains at the Glencoe field 
site. I followed the dynamics of competition between Mediterranean R. l. trifolii 
and indigenous Uruguayan strains for clover nodulation and importantly, the 
interaction between T. polymorphum and the Mediterranean strains. 
Answers to the following questions were sought;  
 Did the elite introduced strains (namely WSM1325 and 
WSM1328) persist in the soil through three growing seasons? 
  Was there any detrimental effect of the introduced strains on the 
effective nodulation of the endemic clover T. polymorphum?  
  When sampling root nodules to determine occupancy, does 
nodule size prejudice the data?  
 Do  T. polymorphum and T. purpureum show selective nodulation 
in the field?  
To address these questions, isolates were recovered from nodules en 
mass and PCR fingerprint profiles were generated for each isolate. However, 
because of the limitations imposed by the RPO1 primer, the use of other 
primers was investigated. Profiles were captured to a database in Phoretix
TM 1D 
(Nonlinear Dynamics, UK) software prior to profile matching using the in-built 
algorithm of the software package to facilitate nodule occupancy 
determinations. CHAPTER 5 
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Aims 
The aims of the work presented in this chapter were to: 
1.  Determine if the introduced Mediterranean strains persisted over 3 
years. 
2.  Investigate if the resident perennial clover, T. polymorphum, was 
nodulated by the introduced Mediterranean strains. 
3. Investigate  if  T. purpureum, T. repens and T. polymorphum was 
selectively nodulated by a particular strain. CHAPTER 5 
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4.2 Materials  and methods 
 
4.2.1 Cross-row  experiment (year 3) 
Uninoculated, surface sterilised seeds (1 g m
-2) of T. purpureum 
(annual), T. repens (perennial)  and T. polymorphum were separately sown 
(April 2001) in individual swards (0.5 m x 0.5 m) over the original rows (1.5 m) 
(Figure 4.1). Although all plots were sampled, sampling was concentrated on 
the third year plots originally inoculated with WSM1325 and WSM1328 because 
these strains persisted at this site and were highly represented in the second 
year nodule occupancy results. Harvest of individual plants occurred in mid-
September, 2001. Within each plot, up to 5 plants of each species were 
randomly excavated to a sufficient depth to recover the intact root systems. 
Plant roots were carefully washed and nodules were excised and desiccated 
over silica gel held in 3-5 mL plastic tubes (Date, 1982).  
 
4.2.2         Isolation and authentication of rhizobia  
Isolation and authentication was performed as described in section 3.2.7, 
except that nodules from T. purpureum and T. repens were separated into 2 
diameter categories, <1.5 mm and >1.5 mm after rehydration, prior to crushing. 
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Figure 4.1.  Diagrammatic representation of the individual trial plots that were 
managed over three years (1999-2001) at the Glencoe, Uruguay, field 
trial site. In the first year, inoculated T. vesiculosum seed was introduced 
into the soil at 1 g m
-1. In the second year, uninoculated seed (surface 
sterilised) of T. vesiculosum, T. purpureum and T. spumosum was sown 
across the original row at 1 g m
-1. In the third year of the experiment, 
uninoculated seed of T. purpureum, T. repens and T. polymorphum were 
separately sown (1g m
-2) in individual swards (0.5 m x 0.5 m) over the 
original plot. 
 
 
4.2.3  PCR amplification and analysis  
All PCR amplification profiles were generated from cultures grown to 
stationary phase in ½ LA broth that had been washed and re-suspended in 
sterile saline (0.3%) to an OD600nm  of 2.0 using a Hitachi U-1100, 
spectrophotometer, Tokyo, Japan. Washed suspensions were stored at 4
oC 
and PCR fingerprint profiles from these stored cells were reproducible for up to 
five weeks (data not shown). Isolate DNA was amplified using Taq polymerase 
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(Invitrogen Technologies, CA, USA), oligonucleotide primers (Table 4.1) and 1 
L of prepared cells using the reaction conditions described by Versalovic et al. 
(1991, 1994), Richardson et al. (1995) or Laguerre et al. (1996). For the rep 
primers the reaction conditions have been described extensively 
(http://www.msu.edu/user/debruijn/dna1-4.htm) and reactions were run for 35 
cycles in a Perkin Elmer thermal cycler (MA, USA). Tris-acetate-EDTA (TAE) 
buffered agarose gels (1% w v
-1) were run at 70 V for 6 h, stained for 1 h in 
ethidium bromide (0.5 g mL
-1) and destained in TAE for 1 h. Gel images were 
captured using the GELDOC 2000 (Bio-Rad Laboratories, Hercules, CA, USA) 
software package. 
   
Table 4.1. Oligonucleotide primers used for PCR fingerprint profiling of rhizobial 
isolates in this study 
Primer Sequence  (5′-3′)* Reference 
ERIC 1R  ATGTAAGCTCCTGGGGATTCAC  Versalovic et al. (1991) 
ERIC 2  AAGTAAGTGACTGGGGTGAGCG  Versalovic et al. (1991) 
    
REP1R-I  IIIICGICGICATCIGGC  Versalovic et al. (1991) 
REP2-I  ICGICTTATCIGGCCTAC  Versalovic et al. (1991) 
    
BOXAIR  CTACGGCAAGGCGACGCTGACG  Versalovic et al. (1994) 
    
RPO1 AATTTTCAAGCGTCGTGCCA  Richardson  et  al. (1995) 
    
PucFor  GTAAAACGACGGCCAGT  Laguerre et al. (1996) 
    
FGPS1490  TGCGGCTGGATCACCTCCTT  Laguerre et al. (1996) 
FGPS132′  CCGGGTTTCCCCATTCGG  Laguerre et al. (1996) 
 * Abbreviations: I = inosine. 
 
Nodule isolates  for  T. purpureum (n=287), T. repens (n=61) and 
T. polymorphum (n=44) from plots originally inoculated with WSM1325 and 
WSM1328, and nodule isolates from T. polymorphum (n=31) from the 
WSM1473 inoculated plots were typed using the ERIC forward and reverse 
primers in the procedure outlined previously. Gel images were transferred as tif CHAPTER 5 
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files into the Phoretix
™ 1D Advanced software analysis package (Nonlinear 
Dynamics, UK) and inter gel comparisons were obtained by the transfer of the 
data into a Phoretix
™ 1D Database. Phylogenetic analysis of the data was 
performed using the Dice coefficient prior to using the Unweighted Pair-Group 
Method using Arithmetic Average (UPGMA) cluster analysis for similarity 
comparisons.  
 
4.2.4 Effectiveness  studies 
Two cross-inoculation studies were performed using the procedure 
described in section 2.2.1.1 and 2.2.1.2. However, the experiments were 
designed as split-plots; with the rhizobial strain as the main plot and the 
Trifolium species as the sub-plots. There were 4 replicates of each treatment 
with complete pot randomization. Also the capacity for N2 fixation 
(effectiveness) was determined by comparing yields of inoculated plants with 
+N controls within plant species as described in section 2.2.1.2.  
 
Cross-inoculation study (D). Soil samples obtained as described in Section 
3.2.1 were used in this experiment. One mL of soil dilution (10 g soil mixed into 
100 mL sterile distilled water) was inoculated onto each seedling of T. 
purpureum, T. repens and T. polymorphum and seedlings were later examined 
for nodulation and N2 fixation. 
 
Cross-inoculation study (E). The 9 introduced strains of R. l. trifolii (section 
3.2.2) and an isolate (WSM2302) from T. polymorphum that was growing at the 
Uruguayan site were examined for their ability to nodulate and fix N2 with T. CHAPTER 5 
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purpureum,  T. repens and T. polymorphum. Strains WU95, WSM1317 and 
NA3039 were not assessed on T. repens.  
 
4.3 Results 
 
4.3.1  PCR fingerprint analysis  
Fingerprint profiles of the 9 inoculant strains were generated using the 
polymerase chain reaction (PCR) DNA amplification technique to determine the 
most suitable primers for the strains introduced to the Glencoe field site. Primer 
PucFor (Table 4.2) has been used for randomly primed PCR fingerprinting but 
in this study was of limited use since it did not distinguish CC2483g and WU95 
from WSM409, or WSM1325 from WSM1328. Primers FGPS1490 and 
FGPS132′ (Table 4.2) were chosen to amplify the 16S-23S rDNA intergenic 
spacer (IGS) region but could not be used to distinguish 5 strains (CC2483g, 
TA1, WSM409, WSM1306 and WSM1325). The primer RPO1 (Table 4.2) was 
used as a nifH promoter-directed primer. This primer produced similar profiles 
for 3 strains (WSM409, WSM1325 and WSM1328). Primers ERIC 1R and ERIC 
2, REP1R-I and REP2-I and BOXAIR (Table 4.2) were used for rep-PCR 
fingerprinting. The BOXAIR primer could not separate strain WSM409 from 
NA3039, or WSM1325 from WSM1328. The REP1R-I and REP2-I generated 
fingerprint profiles could not be used to separate WSM409 from CC299b, or 
WSM1325 from NA3039. Analysis of the fingerprint profiles produced by the 
various primers (sequences given in Table 4.1) used to amplify DNA from the 9 
inoculant strains indicated that the ERIC primers produced unique profiles for all 
strains (Table 4.2). Fingerprint profiles from WSM1317 were unique for all 
primers. CHAPTER 5 
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Table 4.2. Summary of the results of fingerprint profiles generated by the use of rep-
PCR to distinguish nine strains of R. l. trifolii introduced to the soil at the 
Glencoe field site, Uruguay 
 
Rhizobium 
leguminosarum bv. trifolii  Primers used for PCR 
* 
 ERIC  PucFor  FGPS  RPO1  BOX  REP 
CC2483g U  ND
1 ND
3 U U U 
TA1 U  U  ND
3 U U U 
WU95 U  ND
1  U U U U 
WSM409 U  ND
1 ND
3 ND
8 ND
4 ND
6
WSM1306 U  U  ND
3 U U  ND
6
WSM1317  U  U U U U U 
WSM1325 U  ND
2 ND
3 ND
8  ND
5  ND
7 
WSM1328 U  ND
2 U ND
8  ND
5  U 
NA3039 U  U  U  U  ND
4  ND
7 
* U indicates a unique fingerprint profile and ND indicates that the fingerprint profile is 
not distinguishable between strains. 
Numbers signify the grouping of similar ND (not distinguishable) fingerprint profiles 
generated from a particular primer 
 
 
4.3.2  Identification of nodule occupants 
Analysis of the UPGMA dendrogram generated from ERIC-derived 
fingerprint profiles revealed that WSM1325 and WSM1328 could be separated 
at the 90% similarity level (Figure 4.2). Hence, a threshold level of 95% 
similarity and above was used to distinguish WSM1325 from WSM1328. 
The ERIC profiles generated from the 75 T. polymorphum isolates 
(Figure 4.3) were different to those generated for the 9 introduced strains. A 
cluster analysis separated the 75 T. polymorphum isolates into 67 distinct 
fingerprint profiles at a similarity level of 95%. Only 5 isolates showed similarity 
(>85% threshold) to the profiles generated from the 348 isolates from T. 
purpureum and T. repens nodules taken from the Glencoe field site. Forty-four 
of these 75 isolates came from T. polymorphum growing in plots previously 
inoculated with either WSM1325 or WSM1328 (Figure 4.3). None of these 44 CHAPTER 5 
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isolates showed >85% similarity with any of the isolates from T. purpureum and 
T. repens growing in the same plots (Table 4.3).  
 
 
                          Similarity 
Figure 4.2.   UPGMA cluster analysis dendrogram displaying similarity of fingerprint 
profiles generated from the ERIC primer pair for the 9 introduced strains 
of R. l. trifolii. CHAPTER 5 
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                                                  Similarity 
Figure 4.3.  UPGMA cluster analysis dendrogram displaying similarity of fingerprint 
profiles generated by use of the ERIC primer pair for the 9 introduced 
strains of R. l. trifolii and 44 strains isolated from T. polymorphum 
sampled within plots inoculated with WSM1325 or WSM1328 two years 
previously. 
 
For T. purpureum and T. repens nodules obtained from plants located in 
the WSM1325 inoculated plots, 51% and 58%, respectively, contained 
WSM1325 (Table 4.3). T. purpureum and T. repens nodules harvested from 
plants grown in the WSM1328 inoculated plots were occupied by WSM1328 at 
17% and 4%, respectively. Overall, WSM1325 occupied  52% of the total 
CC2483g  CC2483g  CC2483g  CC2483g 
WSM1325 
WSM1328 
NA3039
WSM409
TA1
CC2483g
WSM1317
WU95
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number of nodules recovered and tested from plots originally inoculated with 
WSM1325. In comparison, WSM1328 only occupied 15% of all nodules tested 
from plants grown in plots originally inoculated with WSM1328 (Table 4.3). 
Notably, the ERIC fingerprint profiles of strains occupying T. purpureum and T. 
repens nodules revealed that WSM1325 had colonized the WSM1328-
inoculated plots and occupied 15% of these nodules. In comparison, WSM1328 
also colonised the WSM1325-inoculated plots but only occupied 1% of the 
nodules tested.  
There were 112 unmatched fingerprint profiles in the T. purpureum and 
T. repens nodules from the WSM1325 and WSM1328 inoculated plots. Only 
one of these showed (>85% threshold) similarity to any of the introduced strains 
(CC299). Comparisons of the ERIC fingerprint profiles of nodule isolates from 
T. purpureum and T. repens plants originally inoculated with WSM1325 
indicated no difference in the percent nodule occupancy of (<1.5 mm) or large 
(>1.5 mm) nodules. Both small and large T. purpureum nodules were occupied 
by WSM1325 at 47% (88 and 59 isolates, respectively). Moreover, small and 
large T. repens nodules were occupied by WSM1325 at 58% (19 isolates) and 
59% (17 isolates), respectively. In comparison, nodule isolates from T. 
purpureum  plants originally inoculated with WSM1328 displayed marginally 
higher nodule occupancy by WSM1328 in small (11 of 43 isolates) rather than 
large (13 of 97 isolates) nodules. No isolates were occupied by WSM1328 in 
the small T. repens nodules and only 6% in the large T. repens nodules (1 of 17 
isolates). 
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Table 4.3.  Occupancy of nodules on T. purpureum, T. repens and T. polymorphum 
grown at the Glencoe field site, Uruguay, in the third year after inoculation. 
 
Inoculant 
Strain  Host of Isolation 
Nodule Occupancy
 A 
WSM1325
B WSM1328
 B 
Non T. 
polymorphum 
nodulating resident 
strains 
C 
Other 
resident 
strains 
D 
Total 
isolates 
WSM1325  T. purpureum  75 (51%)  0  72 (49%)  0  147 
  T. repens  21 (58%)  2 (6%)  13 (36%)  0  36 
  T. polymorphum  0 0  0  21  (100%)  21 
WSM1328  T. purpureum  17 (12%)  24 (17%)  99 (71%)  0  140 
  T. repens  8 (32%)  1 (4%)  16 (64%)  0  25 
  T. polymorphum  0 0  0  23  (100%)  23 
 
A Expressed as a percentage of total number in parentheses. 
B Interpreted similarity level at 95% cut-off using UPGMA cluster analysis dendrogram in 
Phoretix
™ 1D with ERIC fingerprint profiles. 
C Strains with ERIC fingerprint profiles different from introduced strains at the 95% cut-off level 
of similarity. 
D Strains with ERIC fingerprint profiles different to those nodulating T. repens and T. purpureum 
at the 95% cut-off level of similarity. 
 
At a threshold similarity level of 85% and above, the ERIC fingerprint 
profiles of WSM1325 and WSM1328 could not be used to separate one strain 
from another but they were still distinguishable from the fingerprint profiles of 
the other seven inoculants (Figure 4.2). At this threshold level the fingerprint 
profiles identified that 67% and 73% of the nodules of T. purpureum and 
T. repens, respectively, were occupied by WSM1325, WSM1328 or derivatives 
of these strains in plots originally inoculated with WSM1325. Likewise, 
WSM1325, WSM1328 or derivatives of these strains occupied 83% of the 
nodules of T. purpureum but  only 36% of the nodules of T. repens in plots 
originally inoculated with WSM1328. Overall, WSM1325, WSM1328 or 
derivatives of these strains occupied 69% (239/348) of the nodules from 
T. purpureum and T. repens taken from the WSM1325 and WSM1328 
inoculated plots. In contrast, at the 95% threshold for similarity (thereby CHAPTER 5 
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excluding putative derivatives of WSM1325 or WSM1328), the overall 
percentage of nodules occupied by WSM1325 or WSM1328 was 43% 
(148/348). 
 
4.3.3  Effectiveness experiments  
Experiment D. The R. l. trifolii rhizobia contained in the 3 soils sampled from 
the native grasslands formed ineffective symbioses (<20% +N control shoot dry 
weight) with T. purpureum  and T. repens (Table 4.4). In comparison, the T. 
polymorphum plants formed a partially effective (≥20% <75% +N control) 
symbiosis with the R. l. trifolii resident strains in the sampled soils (Table 4.4). 
After 56 d of growth, the T. purpureum and T. repens +N controls produced 
three times more shoot biomass than the +N T. polymorphum controls (Table 
4.4).  
 
Table 4.4.  Total shoot dry weight (g plant
-1) and nodulation effectiveness ratings 
expressed as a percentage of the +N control (KNO3), produced by 
Trifolium purpureum,  T. repens and T. polymorphum  when inoculated 
separately with three soil dilutions from native grasslands (Uruguay), 
under controlled conditions 
 
Soil Sample  T. purpureum  T. repens  T. polymorphum 
  % of +N 
control  NER
A  % of +N 
control  NER  % of +N 
control  NER 
Soil 1  14  I  5  I  40  PE 
Soil 2  17  I  9  I  39  PE 
Soil 3  15  I  12  I  50  PE 
 
A  NER = Nodule Effectiveness Rating; E = Effective nodulation (≥75% of shoot dry 
weight of the +N control), PE = Partially effective nodulation (≥20% but <75% +N 
control), I = Ineffective nodulation (<20% +N control). +N total shoot dry weights were T. 
purpureum (0.16 g), T. repens (0.18 g) and T. polymorphum (0.05 g).  
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Experiment E. Effective strains on T. purpureum included CC2483g, WSM409, 
CC299b, WSM1317, WSM1325, WSM1328 and NA3039 (Table 4.5). Strain 
TA1 was partially effective on T. purpureum, while strains WU95 and WSM2302 
were ineffective (Table 4.5). Strains CC2483g and WSM1328 formed an 
effective symbiosis with T. repens, whereas strain WSM1325 and TA1 formed a 
partially effective  symbiosis. Strains WSM409, CC299b and WSM2302 were 
ineffective on T. repens (Table 4.5). WSM2302 was the only strain to fix N2 
(47% of +N control) on T. polymorphum. Strains  CC2483g, TA1, WU95, 
WSM409, CC299b, WSM1317, WSM1325 and WSM1328 were ineffective on 
this host, although able to nodulate it (Table 4.5).  
 
 
Table 4.5.  Total shoot dry weight (g plant
-1) and nodulation effectiveness ratings 
expressed as a percentage of the +N control (KNO3), produced by 
Trifolium purpureum, T. repens and T. polymorphum when inoculated 
separately with 10 strains of rhizobia under controlled conditions. 
 
 
Strain  T. purpureum  T. repens  T. polymorphum 
  % of +N 
control  NER
A  % of +N 
control  NER  % of 
+N control  NER 
CC2483g 86  E  100  E  10  I 
TA1 33  PE  47  PE  12  I 
WU95 12  I  NT
B -  13  I 
WSM409 115  E  15 I  12  I 
CC299b 77  E 5  I  8  I 
WSM1317 92  E NT -  9  I 
WSM1325 96  E  72  PE  9  I 
WSM1328 81  E  84 E  10  I 
NA3039 92  E  NT  -  11  I 
WSM2302 5  I  9 I  47 PE 
 
A NER = Nodule Effectiveness Rating; E = Effective nodulation (≥75% of shoot dry weight of the 
+N control), PE = Partially effective nodulation (≥20% but <75% +N control), I = Ineffective 
nodulation (<20% +N control), +N total shoot dry weights were T. purpureum (0.16 g), T. repens 
(0.17 g) and T. polymorphum (0.05 g). 
 
B NT = Not Tested. CHAPTER 5 
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4.4 Discussion 
The outstanding result of this study was that none of the 75 
T. polymorphum nodules evaluated contained an introduced strain of R. l. trifolii 
at the Glencoe field site, despite the finding that these strains could nodulate 
T. polymorphum. Therefore, the strains that were introduced as inocula for 
Mediterranean clovers did not compromise the effective nodulation of 
T. polymorphum in situ. This occured despite the fact that (at the 85% similarity 
threshold) the introduced strains occupied up to 67% of the nodules of T. 
purpureum and more than 73% of the nodules of T. repens growing in the same 
plots. Furthermore, T.  polymorphum did not nodulate with any of the 
unidentified  R. l. trifolii strains isolated from nodules of T. purpureum or T. 
repens  at this site and that generated the 112 unknown PCR profiles.  It is 
probable these were resident R. l. trifolii strains or derivatives of those 
introduced. Similarly, neither T. purpureum nor T. repens growing in the plots 
inoculated with WSM1325 or WSM1328 nodulated with any strain of the R. l. 
trifolii genotypes isolated from nodules formed on T. polymorphum.  
Based on the glasshouse effectiveness data, there are potentially many 
ineffective host/strain combinations possible at the Glencoe site. However, no of 
ineffective combinations were detected in the 423 nodule isolates examined. 
This indicates strongly that there has been preference for the establishment of 
effective symbioses between R. l. trifolii and the indigenous perennial clover, T. 
polymorphum,  the introduced perennial clover T. repens and the introduced 
annual clover T. purpureum at this site. Previously, Jones and Hardarson 
(1979) described intraspecific variation amongst T. repens cultivars  in their 
preference for strains of clover rhizobia. However, these results are most likely 
the first reported example of ‘selective’ nodulation (Howieson and Ballard, 2004) CHAPTER 5 
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for an effective symbiosis in situ with annual and perennial clovers growing 
together in an acid soil.  
Selective nodulation of legumes in competitive environments has been 
the subject of considerable conjecture amongst authors (Brockwell and 
Bottomley, 1995; Mpepereki et al., 2000; Howieson and Ballard, 2004). For 
Trifolium spp., some authors report in vitro evidence of selection for preferred 
nodule occupants to form an effective symbiosis (Robinson 1969a,  1969b); 
others report the capacity for hosts to exclude strains from nodules (as 
reviewed by Sadowsky and Graham, 1998). Thies et al. (1991), as well as 
Ireland and Vincent (1968), proposed that numbers of compatible rhizobia per 
se are the primary determinant of success in nodule formation. In support of 
this, Howieson et al. (2000b) considered that the rhizobial genotype most 
adapted to particular soil conditions would out-compete other genotypes for 
nodule occupancy, sometimes resulting in ineffective nodulation and 
suppression of N2 fixation (Bottomley, 1992; Ballard and Charman, 2000; 
Brockwell, 2001; Denton et al., 2000, 2002).  
In the Glencoe experiments, it appears that there has been active 
selection by the host legume for an effective micro-symbiont from a pool of 
variably effective strains. Howieson and Ballard (2004) defined this scenario as 
‘selective’ nodulation, which is in contrast to ‘exclusive’ nodulation, where 
nodulation occurs by a strain that carries the necessary genes to enter into a 
symbiosis over a mixed pool of strains that lack this compatibility (Lewis-
Henderson and Djordjevic, 1991; Sadowsky and Graham, 1998; Hogg et al., 
2002). It appears that T. polymorphum did not ‘exclude’ the Mediterranean 
strains from its nodules because under controlled conditions these strains 
revealed the capacity to nodulate this host. These results do not necessarily CHAPTER 5 
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contradict those reports claiming that numerical supremacy dictates nodule 
occupancy (Thies et al., 1991; Howieson et al., 2000b) because the relative 
populations of the strain types in the soil have not been firmly established. 
There were 3.3 x 10
4 cells g
-1 soil of T. polymorphum rhizobia in these plots 
(section 3.3.2), which is much less than the numbers of 10
6 - 10
8 cells g
-1 soil 
that are commonly quoted in scenarios where nodulation was the result of 
numerical supremacy (Ireland and Vincent, 1968; Roughley et al., 1976, 
Slattery et al., 1999; Denton et al., 2000). In addition, these experiments in 
Uruguay were conducted in an acid soil (pH 4.8) and it may be that where pH is 
restricting population growth and survival, selection becomes increasingly 
possible. Robinson (1969a) working in vitro on two cultivars of T. subterraneum 
found that the ratio of ineffective to effective strains had to be in the order of 10 
000: 1 before selection ceased.  
The genetic basis of competition for nodule occupancy is still poorly 
understood and a large suite of factors may have contributed to the dominant 
nodulation of T. polymorphum by its preferred rhizobia. For example, specific 
root exudates have been shown previously to increase the growth rates of 
rhizobia and to also act as chemo-attractants (Phillips et al., 1999; Dakora, 
2003). The exudates of T. polymorphum, T. purpureum and T. repens could 
possibly stimulate the growth or nodulation response of the preferred micro-
symbiont. Conversely, T. polymorphum may produce exudates that specifically 
interact with indigenous compatible strains. It may, of course, be neither of 
these possibilities and the phenomenon requires further examination. 
Interestingly, preliminary screening of symbiotic genes indicated differences in 
restriction fragment length polymorphism (RFLP) profiles for PCR-amplified CHAPTER 5 
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nodA and nodD fragments, which distinguished the Mediterranean from the 
South American strains (discussed in chapter 5) 
Initial concern that unintentional selection of large over small nodules 
would bias nodule occupancy data appeared to be unfounded. Furthermore, it 
was essential to analyse the PCR fingerprint profiles using a suitable
 software 
analysis package to reduce the highly subjective visual interpretation of the 
fingerprint profiles. The chosen software package, Phoretix
™ 1D (Nonlinear 
Dynamics, UK), was particularly helpful in interpreting the banding patterns from 
the isolates that appeared to be variants of the introduced strains (i.e., those 
similar at the 85% level). It allowed similarity thresholds to be nominated from 
which comparisons could be confidently drawn between the original inoculants 
placed in the soil, instead of excluding fingerprints from the analysis (Hebb et 
al., 1998).  
While these data provide evidence that symbiont-mediated “selection” for 
effective nodulation can occur in situ for annual and perennial clovers growing 
in an acid soil, there are published studies that report the absence of selection 
for effective symbiosis in situ by clovers (Ireland and Vincent, 1968; Brockwell 
et al., 1982; Denton et al., 2000, 2002). Based on this disparity, the experiments 
reported in the next chapter were conducted to replicate the selection process 
that occurred in the field under controlled conditions in a glasshouse. While 
performing these studies, particular ecological variables were investigated, 
including the influence of the base rhizobial cell density and the effect of soil pH 
on selection for establishing an effective symbiosis. 
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CHAPTER 5: 
 
Host-strain mediated selection for an effective N2 fixing 
symbiosis between Trifolium spp. and Rhizobium 
leguminosarum biovar trifolii. 
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5.1 Introduction 
The establishment of new legumes in agricultural soils often requires the 
introduction of symbiotically competent rhizobia as inoculants (O’Hara, 2001; 
Sessitsch et al., 2002). However, prior to large-scale introduction of new 
species, symbiotic interactions between the new legume and the indigenous or 
naturalised populations of rhizobia and, vice versa; the interaction of any new 
inoculant with legumes already in the farming system must be carefully 
evaluated as discussed previously in Chapter 2. For example, a new inoculant 
may become highly competitive in the new environment and form an ineffective 
symbiosis with a commercially important legume (Elliot et al., 1998). With this in 
mind, it was shown in Chapter 2 that significant strain-host incompatibility could 
be related to geographic and phenological barriers. The Mediterranean micro-
symbiont WSM1325 is Nod
+ and Fix
+ on T. purpureum (an annual clover from 
the Mediterranean basin) but Nod
+ Fix
- on T. polymorphum (a perennial clover 
from South America). In contrast, the South American isolate WSM2304 is Nod
+ 
Fix
- on T. purpureum but Nod
+ Fix
+ on T. polymorphum. Surprisingly, although 
both strains were Nod
+, there appeared to be in situ “selection”, which 
generated an effective symbiosis as shown in Chapter 4. This finding is in 
contrast with numerous published reports that have shown selection for 
effective symbiosis in situ by clovers is often absent (Ireland and Vincent, 1968; 
Brockwell et al., 1982; Denton et al., 2000, 2002). In this chapter, I attempted to 
verify the existence of the selection phenomenon as observed in the Glencoe 
field experiments using the controlled environment of the glasshouse. The 
definition of “selective nodulation” is used throughout this manuscript as 
proposed by Howieson and Ballard (2004) viz; selection is evident where CHAPTER 5 
 
108 
effective micro-symbionts are preferentially selected by the host from a pool of 
variably effective strains that are all capable of nodulating the host. 
 
Aims 
The aims of the work presented in this chapter were to: 
1.  Attempt to verify the existence of the selection phenomenon using the 
controlled environment of the glasshouse.  
2.  Investigate whether the micro-symbiont growth rate, the number of 
cells in the inoculum, the soil type and the time for nodule initiation 
has influence on the micro-symbiont selection process.  
3.  Perform preliminary analysis of the nodD gene (and the region it is 
located in) of R. l. trifolii isolated from different centres of origin. CHAPTER 5 
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5.2 Materials  and methods  
Four glasshouse experiments, using different soils and with varying 
inoculant cell numbers, were conducted to evaluate the outcomes of mixed 
inocula on the nodulation of one annual and one perennial clover. 
 
5.2.1  Hosts and bacterial strains  
The clover hosts used in this study, T. purpureum (cv. Paratta) and T. 
polymorphum (Accession 087102), originate from Greece and Uruguay, 
respectively. Clover seed was obtained from the Australian Trifolium Genetic 
Resource Centre (ATGRC), Perth, Australia. The R. l. trifolii micro-symbionts for 
the clover hosts used in this study and their symbiotic phenotype are presented 
in Table 5.1. Strains were cultured using ½ LA medium plates (Yates et al., 
2007) and incubated at 28C. The cultures were preserved at –20C in 1.5 mL 
micro-centrifuge tubes containing 30% (v/v) glycerol in modified ½ LA broth.  
 
5.2.2 Growth  rate determination 
The growth rate of logarithmic phase cells of WSM1325 and WSM2304 
was established in ½ LA broth cultures using optical density measurements at 
OD600nm recorded at regular intervals (Hitachi U-1100, spectrophotometer, 
Tokyo, Japan).  
 
5.2.3  Design for glasshouse experiments 
The procedure for the effectiveness experiments is described in section 
2.2.1.1 and 2.2.1.2. Additionally, for glasshouse experiments I to III, after 56 d 
plants were carefully removed, washed free of soil and the nodules, if present, CHAPTER 5 
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counted and recorded as pink or white, with certain nodules kept for crushing 
(see section 3.2.7). A final experiment (IV) was conducted to investigate the 
rate of nodule initiation achieved by the 2 strains.  
 
Table 5.1.  The collection site details and symbiotic phenotype of R. l. trifolii strains 
used in the study 
 
Strain
 A Original  Host  Collection site 
details 
Symbiotic phenotype
T. purpureum T. polymorphum 
WU95  Trifolium 
subterraneum 
Carnamah, WA, Aust. 
(2941’ S, 11552’ E) 
Nod
+, Fix
- Nod
+, Fix
- 
WSM1325 
Trifolium sp.
C 
Serifos, Greece 
(3709’ N, 2430’ E) 
Nod
+, Fix
- Nod
+, Fix
- 
WSM2302  Trifolium 
polymorphum 
Tacuarembo, 
Uruguay (3141’ S, 
5600’ W) 
Nod
+, Fix
- Nod
+, Fix
+ 
WSM2304  Trifolium 
polymorphum 
Tacuarembo, 
Uruguay (3141’ S, 
5600’ W) 
Nod
+, Fix
- Nod
+, Fix
+ 
 
A Strain reference or source refer to Table 2.1 and 3.1 
 
 
5.2.3.1  Soil types and planting 
Germinated seeds were sown into one of four soil types (Table 5.2). Soil 
NG was a sand mix consisting of equal parts of leached yellow and river sand of 
pH 6.4 (0.01 M CaCl2). This soil is extremely N deficient, allowing N fixation to 
be monitored as a direct function of plant growth. Three soils were lime-
amended derivatives of an acid sandy soil (pH 4.1; 0.01 M CaCl2) from the 
Department of Agriculture Western Australia Merredin Research Station (3129’ 
S, 11817’ E). The Merredin soil was screened and thoroughly mixed with 
coarse river sand as described previously (Cheng et al., 2002). The pH was 
adjusted by adding 0.2, 1.5 and 66 g of lime per kg of soil to produce the acid 
Merredin (AM), neutral Merredin (NM) and alkaline Merredin (HM) soil types, CHAPTER 5 
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respectively (Table 5.2). The amended soils had higher nitrogen contents than 
the NG soil mix (Table 5.2). 
 
Table 5.2.  Physical and chemical properties
A of the four soils used in glasshouse 
experiments I-IV 
 
Soil Identity  AM (acid)  NM (neutral)  HM (alkaline)  NG 
(neutral)
Mix Merredin  soil: 
river sand mix  
(0.2 g lime kg
-1)
 B
Merredin soil: 
river sand mix  
(1.5 g lime kg
-1)
 B 
Merredin soil: 
river sand mix  
(66 g lime kg
-1)
 B 
Yellow 
sand: river 
sand mix 
C 
Soil Type  Sandy loam  Sandy loam  Sandy loam  Sand 
 % sand (2.0 - 0.02 mm)  88 88 88 92 
 % silt (0.02 - 0.002 mm)  2 2 2 2 
 % clay (< 0.002 mm)  10 10 10 6 
Colour  Brownish Brownish  grey  Grey  Brownish 
yellow 
pH (0.01M CaCl2
)  4.9 6.9 7.9 6.4 
Conductivity (dS m
-1)  0.100 0.131 0.163 0.083 
Organic C (%)  0.41 0.30 0.38 0.10 
NH3 (mg kg
-1)  37 19 11 2 
NO3 (mg kg
-1)  1 7 9 1 
P
 (mg kg
-1)  27.0 2.1  2.4  5.0 
K
 (mg kg
-1)  41 34 34 36 
 
A Soil analyses performed by CSBP Wesfarmers (Western Australia) according to procedures 
described by Rayment and Higginson (1992).
 
B Two parts coarse river sand to 3 parts acid loamy sand sourced from Merredin, Western 
Australia. 
C One part coarse river sand to 1 part yellow sandy loam. 
 
 
5.2.3.2 Preparation  of  inoculant cultures for glasshouse 
experiments I, II and III 
Each strain was cultured in 50 mL ½ LA broth in a 250 mL Erlenmyer 
capped flask for 72 h at 200 rpm on a gyratory platform shaker (Innova 2100, 
Edison, USA). A 10 mL volume of culture was removed from each flask and 
centrifuged at 10 600 g for 5 min. The cell pellet was resuspended in 1 mL of 
sterile saline (0.3%) and the volume was adjusted with sterile saline (0.3%) to CHAPTER 5 
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an OD600nm of 1.0 to provide approximately 10
9 cells mL
-1. Further dilutions were 
performed using phosphate peptone preservative buffer (K2HPO4 1.21 g L
-1, 
KH2PO4 0.34 g L
-1 and peptone   1.0 g L
-1) (Rosalind Deaker, University of 
Sydney, Aust., pers. comm.) to prevent the detrimental effect of saline on 
seedling growth. A 1 mL volume of a dilution containing the desired number of 
cells was inoculated onto the base of the hypocotyl of 3 d old seedlings. Plants 
were grown in a naturally lit phytotron maintained at 22°C. A Miles and Misra 
viable cell count (Singleton, 1992) of each inoculant was used to establish the 
precise number of cells delivered to the base of each plant. 
 
5.2.3.3 Glasshouse  experiment I - Nodule occupancy on T. 
purpureum and T. polymorphum after co-inoculation with 
WSM1325 and/or WSM2304 at a low cell densities 
The cell number ratio of R. l. trifolii WSM1325 to WSM2304 was adjusted 
to 9 different levels (Table 5.3), each having a final total cell number between 
0.8 to 1.3 x 10
4 cells mL
-1. A 1.0 mL volume containing 1 or both strains was 
then delivered onto the root of a germinated clover seedling sown into soil NG. 
The experiment was a split-pot design with each pot containing 2 plants of T. 
purpureum and 2 plants of T. polymorphum. Five replicates were performed for 
each treatment, including uninoculated and +N controls. 
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Table 5.3.  Inoculant cell ratios and total cell number delivered to each clover 
seedling for glasshouse experiments I to III 
 
Inoculant ratio 
(WSM1325:WSM2304) 
WSM1325         
(# cells plant
-1) 
WSM2304       
(# cells plant
-1) 
Total number 
of cells plant
-1 
Experiment I      
8505: 0  8 505  0  8 505 
708: 1  8 496  12  8 508 
71: 1  8 420  118  8 538 
2.2: 1  7 654  3 525  11 179 
1: 1.4  4 253  5 875  10 128 
1: 4.1  2 552  10 575  13 127 
1: 137  85  11 632  11 717 
1: 1304  9  11 738  11 747 
0: 11 750  0  11 750  11 750 
      
Experiment II      
1: 1.1  20 454  22 727  43 181 
1: 12  2 027  24 752  24 777 
1: 111  225  24 975  25 200 
1: 1136  22  24 998  25 020 
      
Experiment III      
1: 1  250 000  250 000  500 000 
1: 10  250 000  2 500 000  2 750 000 
1: 100  250 000  25 000 000  25 250 000 
1: 1000  250 000  250 000 000  250 250 000 
 
5.2.3.4 Glasshouse experiment II - Nodule occupancy of T. 
purpureum grown in acid, neutral or alkaline soil after co-
inoculation with WSM1325 and/or WSM2304 at low cell 
densities 
The cell numbers of R. l. trifolii cultures of WSM1325 and WSM2304 
were adjusted to provide 4 different ratios, each mixed culture resulting in a final 
cell concentration between 2.4 and 4.3 x 10
4 cells mL
-1. A 1.0 mL aliquot of a 
particular ratio of cells (Table 5.3) was inoculated onto the root of each 
germinated T. purpureum seedling sown in a pot containing AM, NM or HM soil 
(see Table 5.2). Each pot contained 3 germinated seedlings. There were 3 
replicate pots for each treatment, including +N and uninoculated controls. 
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5.2.3.5 Glasshouse  experiment  III - Nodule occupancy on T. 
purpureum following co-inoculation with WSM1325 and/or 
WSM2304 at high cell densities. 
Four different ratios of R. l. trifolii WSM1325 to WSM2304 were 
generated to provide a final cell concentration of 10
5 cells mL
-1 of WSM1325 but 
with the cell number of WSM2304 increasing in 10 fold steps in each case (i.e., 
10
5, 10
6, 10
7, and 10
8 mL
-1). A 1 mL aliquot of a specific ratio of cells was 
inoculated onto the root of each germinated T. purpureum seed (Table 5.3) for 
each of the 3 plants sown in a pot (1.5 kg) containing NG soil (section 2.2.1.2). 
There were 3 replicates for each treatment including controls. 
 
5.2.3.6  Glasshouse experiment IV - Rate of nodule initiation 
Colonies of WSM1325 and WSM2304 were aseptically washed off ½ LA 
agar plates with a sterile 1.0 % (w v
-1) sucrose solution and placed separately in 
sterile 50 mL screw-capped container. A 1 mL volume of this suspension 
(approximately 10
9 cells) was used to inoculate the base of a hypocotyl of a T. 
purpureum seedling sown in soil NG. The experiment consisted of 35 pots (1.5 
kg) that each contained five T. purpureum plants. Seedlings in 30 pots were 
inoculated; 15 pots were inoculated with WSM1325, 15 pots wrere inoculated 
with WSM2304 and the remainder served as uninoculated controls. Ten 
randomly selected plants from different pots (5 plants that had been inoculated 
with WSM1325 and 5 that had been inoculated with WSM2304) were carefully 
removed from their pots each d over a 10 d period. These selected plants were 
gently washed to remove any adhering soil and then cut at the hypocotyl. Roots 
were immersed in 10% KOH for 8 h, thoroughly rinsed, soaked in 0.25 M HCl 
for 5 min, stained in 0.1% (w v
-1) Brilliant Green for 30 min, and finally de-CHAPTER 5 
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stained overnight in water (Tang, 1991). Nodule initials were distinguished from 
lateral root initials (Cheng et al., 2002) and counted under a dissecting 
microscope at ×20 magnification (Tang, 1991).  
 
5.2.4 Assessment  of nodule occupancy 
Nodules were excised from clover roots, surface sterilized (section 
3.2.7), and crushed individually in sterile de-ionised water (Yates et al., 2004) 
and the contents streaked onto ½ LA agar plates. The nodule isolates were 
authenticated by re-inoculating the isolates onto T. purpureum seedlings using 
a closed-container growth system as described by Yates et al. (2004). Parent 
strains and nodule isolates were fingerprinted with PCR using ERIC primers 
(section 5.2.4.1). 
 
5.2.4.1 ERIC  DNA  fingerprint construction and analysis 
Parent strains and nodule isolates were grown to stationary phase in ½ 
LA broth. Cells were centrifuged at 10600 g and the resulting cell pellets 
washed and resuspended in sterile saline (0.3%) to an OD600nm of 10. The ERIC 
primers described by Versalovic et al. (1991) were used to amplify isolate DNA 
using the PCR conditions described in section 4.2.3. The fingerprint profiles of 
the nodule isolates were compared to the profiles of WSM1325 or WSM2304 
using the Phoretix 1-D software package (Nonlinear Dynamics, UK). 
 
5.2.5  DNA amplification for nodD sequencing 
The symbiotic nodD gene was amplified from four strains (WSM1325, 
WSM2304, WSM2302 and WU95) (Table 5.1). For strains WSM1325 and 
WSM2304, 3 non-symbiotic genes were amplified. These included the 16S CHAPTER 5 
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rRNA gene (Yanagi and Yamasato, 1993), the GSII-encoding glutamine 
synthetase gene (Taboada et al., 1996; Turner and Young, 2000) and the atpD 
gene encoding F1F0-ATPase subunit (Gaunt et al., 2001). Each amplification 
was achieved by PCR directly from the cells (OD600nm of 6.0) stored in saline 
(0.3%). Each amplification reaction contained 1.0 L of cells (approximately 
10
6-10
7 cells), 0.5 L of Tth Plus DNA polymerase (5 U/L) (Fisher Biotech 
International, NH, USA), 0.5 L each of a forward and a reverse primer (50 M 
each), 2.5 L MgCl2 (15 mM), 5 L of 5x PCR polymerisation buffer (PB-1; 
Fisher Biotech International, NH, USA) and 15 L of water. Four replicate 
reactions were performed for each primer pair. The primer pairs and cycling 
conditions used are given in Table 5.4. 
 
Table 5.4.  Oligonucleotides and PCR cycling conditions used for sequencing 
reactions. 
 
Primer  Primer sequence 
(5’-3’)
A 
Targeted 
gene 
(product 
size) 
Cycling conditions  Reference 
20F 
1540R 
AGTTTGATCCTGGCTCA 
AAGGAGGTGATCCAGCCGCA 
16S rRNA 
(1.4 kb)  As described 
Yanagi and 
Yamasato 
(1993) 
GSII-1 
GSII-2 
AACGCAGATCAAGGAATTCG 
ATGCCCGAGCCGTTCCAGTC 
GSII 
(0.6 kb) 
1 cycle, 95 ºC for 5 
min; 35 cycles of 
94 ºC for 30 s, 55 
ºC for 40 s and 
72ºC for 45 s. 
Turner and 
Young 
(2000) 
Atp-F 
Atp-R 
ATCGGCGAGCCGGTCGACGA 
GCCGACACTTCCGAACCNGCCTG 
atpD 
(0.45 kb) 
1 cycle, 95 ºC for 5 
min; 30 cycles of 
94 ºC for 30 s, 53.5 
ºC for 60 s and 
72ºC for 45 s.
Gaunt et al. 
(2001) 
Y5 
Y6 
ATGCGKTTYARRGGMCTNGATCT 
CGCAWCCANATRTTYCCNGGRTC 
 
nodD 
(0.78 kb)  As described  Zézé et al. 
(2001). 
 
A Y = T or C, R = A or G, K = T or G, M = A or C, W = A or T, N = any base 
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5.2.5.1  DNA sequencing and analysis  
The amplified gene products were run on a 1% agarose gel and then 
purified from the gel using QIAquick
TM PCR purification columns (QIAGEN) prior 
to sequencing. Each purified product (100 ng) was labelled using Applied 
Biosystems version 3.1 dye terminator chemistry according to the 
manufacturer’s instructions. A sequence read was performed using an Applied 
Biosystems Model 377A automated sequencer (CA, USA). Each sequence was 
imported into Vector NTI (Invitrogen Technologies, CA, USA) and analysed for 
quality prior to assembly of the double-stranded DNA sequences. Each double 
stranded-DNA sequence was used to search the National Centre for 
Biotechnology Information (NCBI) database for homologous sequences using 
the BLASTN program (Altschul et al., 1990). Nucleotide sequences were 
aligned using the CLUSTALW program in the Wisconsin package of the 
Genetics Computer Group (Madison, WI, USA) and a phylogenetic tree was 
constructed using the neighbour-joining method (Saitou and Nei, 1987) and 
Kimura 2 parameter distances (Kimura, 1980). 
A BLASTP search of GenBank was performed using protein sequences 
derived from the nucleotide sequence data. The amino acid sequences of the 
NodD protein homologs (>75% similarity to the NodD sequences of WSM1325, 
WSM2304, WSM2302 and WU95) were aligned using CLUSTALW. All 
ambiguous characters and parsimony uninformative characters were excluded 
before analysis using PAUP (Phylogenetic Analysis Using Parsimony) version 
4.0b10 (Swofford, 2000). The most parsimonious trees were obtained by using 
a heuristic search with a random stepwise addition in 100 replicates. All multiple 
equally parsimonious trees were retained. Branch and branch node supports 
were determined using 1000 bootstrap replicates (Felsenstein, 1985).  CHAPTER 5 
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5.2.5.2 Sequence  accessions 
All nucleotide sequences were deposited into GenBank. The 16S rRNA, 
GSII,  atpD and nodD gene sequences for WSM1325 were assigned the 
accession numbers DQ838518, DQ838523, DQ838525, and DQ873523, 
respectively, and for WSM2304 these were assigned the accession numbers 
DQ838519, DQ838524 and DQ838526 and DQ873524, respectively. The nodD 
gene sequences for WU95 and WSM2302 were assigned the accession 
numbers DQ893555 and DQ893556, respectively. 
 
5.2.6 Construction  of  genetic  maps of the nodD regions 
Access to the draft genome sequences of both R. l. trifolii WSM1325 
(http://www.ncbi.nlm.nih.gov/sites/entrez?Db=genomeprj&cmd=ShowDetailView
&TermToSearch=20097)  and WSM2304 
(http://www.ncbi.nlm.nih.gov/sites/entrez?Db=genomeprj&cmd=ShowDetailView
&TermToSearch=20179) was provided by Dr. Wayne Reeve (Murdoch 
University, WA, Aust.) to enable comparative studies. The full genome 
sequences have not yet been made available on a public domain. A map of the 
nodD containing region from WSM1325 and WSM2304 was constructed by 
depositing the sequence information into Vector NTI and identifying and 
annotating the open reading frames using the BLASTX, BLASTN and BLASTP 
algorithms in the National Center for Biotechnology Information (NCBI). 
 
5.2.7 Statistical  analyses 
Analysis of variance (ANOVA) was used to compare treatment effects for 
glasshouse experiments I to III. Counts of pink and white nodules were CHAPTER 5 
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transformed using a square root transformation prior to analysis. Control 
treatments were excluded from the analyses of nodule counts because they 
were consistently not nodulated. Shoot dry weights x 1000 were log 
transformed prior to analysis. Treatment means were compared using a 5% 
least significant difference (LSD) test and plotted against the logit of the 
percentage of WSM2304 cells in the inoculum. GenStat 8® (Release 8.1, 
Lawes Agricultural Trust, Rothamsted Experimental  Station, Rithamsted, 
England, UK) was used for all statistical analyses.  
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5.3 Results 
The mean generation time for cells of WSM1325 during logarithmic 
growth in ½ LA at 28°C was 3.88 h, and for WSM2304 was 3.53 h. 
 
 
5.3.1 Glasshouse  experiment  I – Nodule occupancy of T. 
purpureum and T. polymorphum after co-inoculation at low 
cell densities. 
In unamended, neutral pH, NG soil (Table 5.2), with an inoculum density 
of approximately 10
4 cells, T. purpureum was nodulated by either WSM1325 or 
WSM2304 when they were inoculated as separate, pure cultures (8505:0 and 0: 
11750 respectively). Although, WSM1325 had the capacity to induce pink, N2 
fixing nodules, WSM2304 formed only small, white nodules with an average of 
19 nodules per plant. The inability of WSM2304 to induce N2 fixing nodules was 
reflected in the significantly reduced mean shoot dry weights (Figure 5.1).  
When co-inoculated at a low cell density, WSM2304 was unable to 
induce nodulation on T. purpureum until it outnumbered WSM1325 by a factor 
of 1304: 1 (Figure 5.1). At this co-inoculation ratio, 81% of the nodules (average 
of 15 nodules from each of the 10 plants sampled) were occupied by 
WSM2304, causing a significant decrease (5% LSD) in the shoot dry weights of 
T. purpureum. 
In the reciprocal experiment using T. polymorphum as the host, both 
WSM2304 and WSM1325 could once again induce nodulation when inoculated 
separately (8505: 0 and 0: 11750). As expected, WSM2304 induced pink, N2 
fixing nodules on this host, whereas, WSM1325 could induce only small, white 
nodules, with an average of 10 ineffective nodules per plant. The inability of CHAPTER 5 
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WSM1325 to fix N in association with T. polymorphum resulted in a significant 
reduction (5% LSD) in the shoot dry weights (Figure 5.1). Moreover, WSM1325 
was unable to occupy sampled nodules until it outnumbered WSM2304 by a 
factor of 708: 1. At this ratio, all 10 T. polymorphum plants contained an 
average of 7 nodules per plant (92% of the total number of nodules) that were 
occupied by WSM1325. At this ratio, only 5 plants (50%) had nodules occupied 
by WSM2304. The increase in ineffective nodulation caused a significant 
decrease (5% LSD) in the shoot dry weights (Figure 5.1). 
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Figure 5.1.   Logarithm of (mean total shoot dry weight (DW mg plant
-1) multiplied by 1000) and the square root of the mean no. of nodules 
[pink = effective or white = ineffective] produced by T. purpureum and T. polymorphum plants when inoculated separately with 1 
mL (approximately 1 x 10
4 total cells) of 9 different combinations of WSM1325 and WSM2304 in soil NG (pH (0.01M CaCl2) = 
6.9), represented as logit % WSM2304 / total number of cells. Inoculant cell ratio’s (grey boxes) are represented as WSM1325 to 
WSM2304. Fractions in parenthesis indicate the proportion of plants containing both effective and ineffective nodules. All nodule 
isolates were authenticated as either WSM1325 or WSM2304 as described in the Material and Methods (5.2.4).  
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5.3.2  Glasshouse experiment II - Nodule occupancy of T. 
purpureum co-inoculated at low cell densities in an acid, 
neutral or alkaline soil 
In the acid (AM) and neutral (NM) pH soils, co-inoculation of 
T. purpureum with WSM1325 and WSM2304 at the ratio of 1: 1136 
(Figure  5.2) resulted in the production of ineffective nodules that were 
occupied by WSM2304; a result that supports those obtained in Experiment 1 
for the same host. However, in this experiment, ineffective nodulation was 
rare and only occurred for 1 plant (2 ineffective nodules) out of the 9 sown into 
the AM soil (4% of the total number of nodules) and for two plants (23 
ineffective nodules) out of 9 sown in the neutral soil (20% of the total number 
of nodules). In the alkaline (HM) soil there was no ineffective nodulation on 
T. purpureum at this co-inoculation ratio (1: 1136) (Figure 5.2). However, the 
inoculant ratio of 1: 1136 produced a trend towards lower mean shoot dry 
weights in the 3 different soil types. The use of lower co-inoculation ratios 
(1: 1, 1: 12 and 1: 111 of WSM1325 to WSM2304) resulted in the production 
of N2 fixing nodules that were occupied exclusively by WSM1325 on this host, 
regardless of the pH of the soil.  
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Figure 5.2.   Logarithm of (mean total shoot dry weight (DW mg plant
-1), multiplied by 1000) and the square root of the mean no. of nodules 
[pink = effective or white = ineffective] produced by T. purpureum plants when inoculated separately with 1.0 mL (approximately 2 
x 10
4 total cells) of four different combinations of WSM1325 and WSM2304 in soils HM (pH (0.01M CaCl2) = 7.9), NM (pH (0.01M 
CaCl2) = 6.9) and AM (pH (0.01M CaCl2) = 4.9), represented as logit % WSM2304 / total no. of cells. Inoculant cell ratio’s (grey 
boxes) are represented as WSM1325 to WSM2304. Fractions in parentheses indicate the proportion of plants containing both 
effective and ineffective nodules. All nodule isolates were authenticated as either WSM1325 or WSM2304 as described in the 
Material and Methods (5.2.4).  CHAPTER 5 
 
125 
5.3.3  Glasshouse experiment III - Nodule occupancy of T. 
purpureum following co-inoculation at high cell densities 
When the cell number in the inoculum increased to approximately 10
5 
total cells (with equal ratios of WSM1325 to WSM2304) there was no evidence 
of ineffective nodulation on T. purpureum grown in the neutral sand and soil mix 
(NG) (Figure 5.3). However, ineffective nodulation of T. purpureum appeared 
when the cell number of WSM2304 was 10-fold higher than the cell number of 
WSM1325 in the inoculum (approximately 10
6 cells). In this situation, three of 
the nine plants formed ineffective nodules and 33% of the total number of 
nodules were occupied by WSM2304, which caused a significant decrease in 
shoot dry weight (LSD 0.05). As the ratio of WSM2304 to WSM1325 increased 
above 71:1, the number of plants with ineffective nodules containing WSM2304 
increased, and this caused the average shoot dry weight of shoots to decrease 
significantly (LSD 0.05). The total number of nodules occupied by WSM2304 at 
the inoculum ratios (WSM1325: WSM2304) of 1: 100 and 1: 1000 were 80% 
and 83%, respectively. Therefore, ineffective nodulation occurred at lower ratios 
of WSM1325 to WSM2304 than seen in previous experiments. At a ratio as low 
as 1: 10 (250 000 cells of WSM1325: 2 500 000 cells of WSM2304), effective 
nodulation and plant weight were decreased by the presence of the ineffective 
strain in the inoculum (LSD 0.05).  
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Figure 5.3.  Total shoot dry weight (mg plant
-1) expressed as a logarithm and the 
square root of number of nodules [pink = effective or white = ineffective] 
produced by T. purpureum plants when inoculated separately with soil 
NG (pH (0.01M CaCl2)  = 6.9) after co-inoculation with WSM1325 and 
WSM2304, represented as logit % WSM2304 / total number of cells. 
Inoculant cell ratio’s (grey boxes) are represented as WSM1325 to 
WSM2304. Fractions in parentheses indicate the proportion of plants 
containing both effective and ineffective nodules. All nodule isolates were 
authenticated as either WSM1325 or WSM2304 as described in Material 
and Methods (5.2.4). 
 
5.3.4 Validation  of nodule occupancy  
Overall, 56 authenticated cultures, isolated from 15 pink and 41 white 
nodules, were analysed by PCR fingerprinting with the ERIC primer pair 
(Versalovic et al., 1991) to determine nodule occupancy by WSM1325 or 
WSM2304. The PCR fingerprinting confirmed that T. polymorphum pink nodules CHAPTER 5 
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were occupied by WSM2304 and that white nodules were occupied by 
WSM1325. Conversely, T. purpureum pink nodules were occupied by 
WSM1325 whereas, except for 1 nodule, the white nodules contained 
WSM2304. Plants from the uninoculated pots were not nodulated. 
 
5.3.5  Experiment IV - Rate of nodule initiation 
Different numbers of nodule initials were observed in roots of 
T. purpureum 9 d after inoculation with either WSM1325 [2.8 (mean) ± 0.22 
(standard error)] or WSM2304 (3.4 ± 0.28). Subsequently, nodule initials formed 
by both strains developed at similar rates, and 10 d after inoculation T. 
purpureum inoculated with WSM1325 had an average of 7.0 ± 0.27 nodule 
initials per root compared with 5.4 ± 0.22 nodule initials per root for plants 
inoculated with WSM2304. The application of a Fisher’s Exact Test revealed 
that there was no significant difference (p=1.00) in the rate at which nodule 
initials appeared. 
 
5.3.6  Phylogeny of WSM1325 and WSM2304 and gene similarity 
The R. l. trifolii strains WSM1325 and WSM2304 clearly have a distinct 
host range for effective nodulation. To explore the genetic differences between 
WSM1325 and WSM2304, the nucleotide sequences of selected non-symbiotic 
(16S rRNA, atpD and GSII) and symbiotic (nodD) genes were determined. The 
16S rRNA gene sequences derived from WSM1325 and WSM2304 were 
identical to each other and could be used to unambiguously identify both strains 
as R. leguminosarum bv. trifolii. The nucleotide sequences of atpD and GSII for 
both strains were most closely related to the sequences derived from other 
Rhizobium isolates (Figure 5.4) relative to the sequences of other genera. In CHAPTER 5 
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particular, the atpD gene sequence from either WSM1325 or WSM2304 was 
most closely related to the atpD gene from R. l. viciae (AF169586) (Figure 5.4). 
The highest % match for atpD sequences occurred between WSM1325 and 
WSM2304 (Figure 5.4). Interestingly, the GSII sequence of WSM1325 was 
more closely related to a sequence of R. l.  viciae (97.6%) than to that of 
WSM2304 (94.6%) (Figure 5.4). In contrast to the sequence conservation noted 
for the housekeeping genes, there was a substantial difference in the nucleotide 
sequence of the symbiotically important nodD gene of WSM1325 compared to 
that of WSM2304 (79.1% identity, data not shown). Phylogenetic analysis of the 
derived NodD sequence of WSM1325 and WSM2304 revealed a strong degree 
of sequence divergence (Figure 5.5) between these strains. Moreover, NodD 
from WSM2304 was more similar to NodD of WSM2302 than to that of 
WSM1325. Both WSM2304 and WSM2302 appear to be closely related and 
were both isolated from T. polymorphum from the same geographical location in 
Uruguay, South America. Both strains are located to a clade distinct from other 
R. l. trifolii strains. In contrast, WSM1325 belonged in a clade containing R. l. 
trifolii strains originating from the Euro-Mediterranean region. These strains 
included CAA27354 and CAC34801 (both isolated from T. repens nodules) and 
WU95 (isolated in Australia from sub clover). CHAPTER 5 
 
129 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.4.  Nucleotide sequence identity % between strains WSM2304 and 
WSM1325, and a range of Type strains of rhizobia, for a 560 bp segment 
of the glutamine synthetase gene (GSII) and a 450 bp segment of the 
gene coding for the β subunit of the membrane ATP synthase (atpD). 
Accession numbers: R. etli [ GSII (AF169585) and atpD  (AJ294404)], 
R. leguminosarum  [GSII  (AF169586) and atpD  (AJ294405)],  R. tropici 
[GSII (AF169584) and atpD (AJ294397)], S. meliloti [GSII (AF169593) 
and atpD (AJ294400)], M. loti [GSII (AF169581) and atpD (AJ294393)], 
B. japonicum [GSII (AF169582) and atpD (AJ294388)]. 
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Figure 5.5.  NodD Phylogenetic tree of different R. l. viciae and R. l. trifolii strains. 
Phylogenetic analysis was performed using MEGA version 4 (Tamura et 
al., 2007). Kimura 2 parameter distances were derived from the aligned 
protein sequences and bootstraping was done with 1000 replicates to 
construct a consensus unrooted tree using the Neighbour Joining 
method (NJ) of Saitou and Nei (1987). Bootstrap confidence values are 
given on the branches. The host, if known, is provided in parentheses.  CHAPTER 5 
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5.3.7  Comparison of the nodD regions of R. l. trifolii strains 
WSM1325 and WSM2304 
In light of the nodD sequence divergence between WSM1325 and 
WSM2304 (79.1% identity), it was of interest to examine the DNA region 
containing this critical symbiotic regulatory gene. Both strains contained a single 
nodD gene. A genetic map containing nodD and other important nodulation 
genes was constructed for each strain and a comparison of the regions 
revealed a striking difference (Wayne Reeve, CRS, Perth, Australia, pers. 
com.). Strain WSM1325 contains the gene nodR located between nodE and 
nodL (Figure 5.6). The WSM1325 NodR protein contains 96, 89, 89, 88, 88, 88 
and 87% similarity to R. l. trifolii strains ANU843, RBL54, CSF, 4S, LPR5020, 
RBL52 and RBL53, respectively. In contrast, WSM2304 does not contain a 
copy of nodR in its genome. 
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       Figure 5.6. Diagrammatic representation of the single nod region in DNA of R. l. trifolii strains WSM2304 and WSM1325.  
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5.4 Discussion 
In previous chapters, I have provided evidence for the in situ “selection” 
of the Mediterranean micro-symbiont WSM1325 for nodule occupancy on the 
Mediterranean legume T. purpureum, in preference to the South American 
micro-symbiont WSM2304, present as background. Likewise, there was 
evidence of in situ selection for WSM2304 over WSM1325 in nodule occupancy 
on the South American legume, T. polymorphum. The selection process 
occurred despite the ability of WSM1325 and WSM2304 to nodulate (but not 
necessarily fix N with) either host. In this chapter, experiments were undertaken 
to determine if this selection phenomenon could be reproduced in the 
glasshouse, and if so, whether it was affected by micro-symbiont cell number, 
the ratio of one strain to the other, or the pH of the soil. The rate of appearance 
of nodule initials for each strain was also examned to determine if the time to 
nodule initiation was instrumental in determining nodule occupancy. 
In co-inoculation experiments where cell density was low (10
4 cells mL
-1, 
glasshouse Experiments I and II), each of the twos host nodulated solely with its 
effective strain, even when the effective strain was out-numbered by the 
ineffective strain by a factor of approximately 100 to 1. However, the selection 
process decreased when the effective strain was outnumbered 1000: 1. Using 
higher total cell numbers (10
5-10
8 cells mL
-1, glasshouse Experiment III), 
selection by T. purpureum to nodulate with WSM1325 remained, but was 
significantly reduced as the number of ineffective cells in the inoculum 
increased. This demonstration of selective nodulation up to 100 times the 
effective strain under controlled glasshouse conditions  complements the 
previous findings of in situ selection for effective symbiosis under field 
conditions in Uruguay (Chapter 4). However, the current study clearly indicated CHAPTER 6 
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that the selection mechanism was conditional on the rhizobial cell density. The 
many reports of ineffective nodulation (and therefore an absence of selection) in 
fertile soils are often explained by a causative link between the numerical 
dominance of a particular strain and its nodule occupancy (Ireland and Vincent, 
1968; Roughly et al., 1976, Thies et al., 1991; Slattery and Coventry, 1999; 
Denton et al., 2000; Howieson et al., 2000b). Thus, I propose that selection for 
effective R. l. trifolii in symbiosis with clovers is possible in infertile soils that 
typically contain lower numbers of indigenous rhizobia. This hypothesis is 
strengthened by reports from other authors which provide evidence for selective 
nodulation in acid, less fertile environments, where rhizobial numbers were less 
than 10
4 g
-1 soil (Holland, 1966; Robinson, 1969b; Roughley et al., 1976; 
Brockwell et al., 1982b; Valdivia et al., 1988).  
One factor that can significantly affect rhizobial survival, persistence, 
growth, population size, and strain diversity, with consequent effects on clover 
nodulation, is the soil pH (Vincent and Waters, 1953; Munns, 1965; McInnes 
et al., 2004). Dughri and Bottomley (1984) provided an example where selection 
for effective nodulation in sub clovers was negated under alkaline conditions. 
However, in my study, the pH of the soil did not significantly affect selection by 
T. purpureum for an effective micro-symbiont. Selection was evident in acid, 
neutral and alkaline soils (glasshouse experiment II) at a ratio 1: 111, but was 
reduced at a ratio of 1: 1250 in the acid and neutral soils, but not in the alkaline 
soil. Dughri and Bottomley (1984) demonstrated that the effects of sub clover 
cultivars on outcomes of competition for nodulation between strain serotypes 
(i.e.,  selection) were negated when an acid field soil was limed. Total cell 
numbers of all serotypes in those experiments were initially 6.7 x 10
3, which is 
similar to my inoculation levels in glasshouse Experiments I and II. This CHAPTER 6 
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discrepancy raises the broader issue of “competition” relative to selection. It 
may be that selection is one subset of the numerous factors that comprise the 
competition process. Selection may, in fact, be the final determinant of nodule 
occupancy amongst strains that are otherwise relatively equal in their 
competitive abilities (i.e., in saprophytic competence, rhizosphere competence, 
and survival). Possibly, in the studies of Dughri and Bottomley (1984), liming the 
soil created a change in the numerical dominance of different serotypes after 8 
weeks, which was then reflected as a change in nodule occupancy. Howieson 
and Ballard (2004) proposed that removal of edaphic stresses (such as low pH 
for clover rhizobia) leads to a more competitive environment for nodulation, 
which would likely lead to a change in nodule occupancy. In my study, there 
was probably insufficient time for soil pH to effect the original inoculum cell 
number greatly and therefore for changes in population number to influence 
selection.  
Assessment of nodule occupancy was done initially using nodule colour, 
and then by PCR fingerprinting with ERIC primers, before finally re-inoculating 
the isolates onto Trifolium to validate the assessment. This procedure allowed 
the thorough typing of the nodule occupant as either WSM1325 or WSM2304. 
Visual inspection alone provided a reliable indication of nodule occupancy, but it 
was not infallible. One white nodule on T. purpureum was initially visually 
identified as WSM2304, but was subsequently determined to be WSM1325 by 
fingerprint analysis and re-inoculation tests. This small, white nodule classified 
as ineffective was likely just an immature nodule being formed by WSM1325. It 
is also recognised that approximately 10% of nodules may be occupied by 
multiple strains (Denton et al., 2002). It would be interesting to establish CHAPTER 6 
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whether a nodule occupied by both an ineffective strain and an effective strain 
is compromised in its capacity to fix N2. 
Lupwayi et al. (1996) have shown that faster growing strains were more 
competitive for nodulation when inoculated on Medicago sativa. Despite the 
knowledge that WSM1325 and WSM2304 grow at similar rates, this finding 
created concern that there might be an effect in the selection process that could 
be attributable to a difference in the rate at which the 2 strains infected the 
roots. This concern appeared to be unfounded as there was no significant 
difference in the rate at which nodule initials appeared on T. purpureum when 
inoculated with either strain.  
The genetic basis of competition for infection, nodule formation and 
nodule occupancy is still unclear (Laguerre et al., 2003). Amarger (1981) 
suggested that competitive capability is a characteristic of a rhizobial strain that 
is independent of its symbiotic effectiveness. Our results indicate that, at least 
for the Trifolium symbiosis, competition for nodule occupancy may be 
conditioned by the potential for a symbiotically effective relationship. This would 
explain nodule occupancy by an effective micro-symbiont when it is present in 
soil at only 10
4 cells g
-1. However, this phenomenon may ultimately be over-
ridden by high cell density and other environmental factors. This would explain 
why selection is less obvious above 10
5 cells g
-1. The eventual nodule 
occupation by a particular strain in a competitive environment is a complex 
phenomenon that is, at some stage, under the influence of signal exchange 
between the micro-symbiont and the host (Denarie et al., 1996; Long, 1996; 
Freiberg et al., 1997). It can be hypothesised that at a cell density above 10
5 
cells g
-1, the signalling that occurs between an effective strain and its host is 
compromised by signals produced by ineffective micro-symbionts, thereby CHAPTER 6 
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interfering with the selection process. Perhaps with a flood of Nod factor signals 
from the 2 strains, the host finds it difficult to distinguish between an effective 
and an ineffective micro-symbiont and, in this study, it was revealed that the 
number would need to be higher than 250 000 cells of each strain.  
The production of the Nod factor signal is regulated by NodD through the 
expression of nodABC  (Broughton et al., 2000; Perret et al., 2000). The 
phylogenetic analysis of NodD protein sequences established in this work, as 
well as restriction fragment length polymorphism (RFLP) profiles of nodA in 
previous work (Lesley Mutch, Murdoch University, Perth, Aust., pers. comm.), 
reveal clearly that WSM1325 and WSM2304 are located in separate 
phylogenetic clusters. This almost certainly reflects their geographical 
separation. Similarly, differences have also been noted between the symbiotic 
genes in the inoculant strains for the perennial species T. ambiguum and T. 
repens (Simon Miller, New Zealand, pers. comm.). These hosts were obtained 
from different centres of origin (Zohary and Heller, 1984) and have specific 
inoculant requirements (Pryor et al., 2004).  
The sequences of other genes were also examined, including 16S rRNA, 
atpD and GSII. The 16S rRNA is highly conserved within bacterial genera and 
evolves slowly over time (Woese, 1987). The identical sequences for this gene 
in the 2 strains studied here is not uncommon for strains belonging to the same 
genus, with similar legume hosts. To further investigate the chromosomal 
similarity/dissimilarity between WSM1325 and WSM2304, 2 other phylogenetic 
makers (atpD and GSII) were included. Genes with conserved functions, such 
as those coding for the key enzyme in nitrogen assimilation, glutamine 
synthetase, have been used as alternative phylogenetic markers for root nodule 
bacteria (Turner and Young, 2000). The GSII  gene  codes for a type of CHAPTER 6 
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glutamine synthetase present in both eukaryotes and some prokaryotes but it 
seems to be more divergent than its homolog GSI (Taboada et al., 1996). An 
alternative phylogenetic marker that can be used is atpD which encodes the β 
subunit of the membrane ATP synthase (Gaunt et al., 2001). There was 94.6% 
and 93.4% sequence similarity between these 2 strains for GSII and atpD, 
respectively. The comparative analyses showed there were significant 
differences between WSM1325 and WSM2304. Although differences were 
identified for these chromosomal genes, the disparity was not as significant as 
that found for the symbiotic gene nodD between the strains (only 79.1% 
similarity).  
Further investigation of the genetic maps of the nodD regions of the 2 
strains WSM1325 and WSM2304 revealed a further significant difference; the 
nodR gene (located between nodE and nodL) is present in WSM1325 but 
absent in WSM2304. Schlaman et al. (2006) reported nodR in 7 out of 12 wild-
type R. l. trifolii strains and the authors identified that nodR is essential for the 
presence of highly unsaturated fatty acyl moieties in R. l. trifolii Nod-factors. 
However, they hypothesised that the level of fatty acyl substitution is ultimately 
governed by a balance between the transcriptional levels of nodFE and nodRL 
genes. Spaink et al. (1995) reported a connection between the extent of overall 
hydrophobicity caused by an increase in unsaturated fatty acyl moieties in the 
Nod-factors and the nodulation host range of R. l. viciae and  R. l.  trifolii. 
Therefore, it is tempting to speculate that the genetic incompatibility for 
effectiveness observed between Trifolium hosts and micro-symbionts derived 
from different geographical locations may be a result of the presence or 
absence of nodR. Further it is possible that the subtle alterations that nodR CHAPTER 6 
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confers to the Nod factor architecture may contribute to the selection 
phenomenon. CHAPTER 6 
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6.1  Symbiotic interactions of annual and perennial 
Trifolium spp. with Rhizobium leguminosarum bv. 
trifolii 
The results of cross-inoculation with R. l. trifolii micro-symbionts of clover 
hosts, both from diverse centres of origin (Chapter 2), revealed that 68% of the 
host strain combinations produced only partially effective, to ineffective 
nodulates, and 15% did not nodulate at all. Ineffective clover nodulation has 
been reported not only in Australia (Vincent, 1954; Ireland and Vincent, 1968; 
Slattery and Coventry, 1993, 1999; Denton et al., 2000, 2002), but also in other 
parts of the world such as North America (Holland, 1970; Hagedorn, 1978; 
Jones et al., 1978; Hagedorn et al., 1983), South America (Labandera and 
Vincent, 1975), and Africa (Norris and ‘t Mannetje, 1964; Small, 1965). 
Furthermore, it is apparent that there are barriers to effective nodulation in the 
clover symbioses that are mainly geographic (i.e., an incompatibility associated 
with a geographic separation) and, to a lesser extent, phenological (i.e., related 
to growth cycle of the host). This is supported by other studies that have also 
found evidence of these barriers (Parker and Allen, 1952; Vincent, 1954; Baird, 
1955; Hely, 1957; Norris, 1959; Jones and Evans, 1961; Norris and ‘t Mannetje, 
1964; Brockwell and Katznelson, 1976; Thornton and Davey, 1983; Friedericks 
et al., 1990; Pryor et  al.,  1998; Patrick and Lowther, 2004). An potential 
problem with these barriers is that the introduction of perennial clovers and 
their micro-symbionts to broad-acre agriculture in Australia has the potential to 
seriously disrupt nodulation and N2 fixation in annual clovers.  The possible 
detrimental effects on the productivity of economically valuable annual clovers 
must be considered before the wide-scale release (including field CHAPTER 6 
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experimentation) of perennial clovers and their associated inocula into 
Australian agricultural systems.  
Studies reported here were designed to increase understanding of the 
symbiotic interactions of annual and perennial clovers with their respective 
micro-symbionts, with the aim of developing strategies to improve their 
management, to extend (rather than restrict) the use of legumes in new 
environments. A study was initiated in Uruguay where annual clovers from the 
Mediterranean region were introduced into a predominantly perennial clover 
setting. This is the reverse of the situation emerging within southern Australia. 
The Uruguayan grasslands contain populations of indigenous R. l. trifolii that 
effectively nodulate endemic T. polymorphum, but form ineffective nodules on 
clovers originating from the Mediterranean region (Labandera and Vincent, 
1975). Importantly, in the Uruguayan setting, Government policy has facilitated 
the introduction of numerous varieties of annual Mediterranean clover with the 
aim of improving overall winter production in their naturally managed 
grasslands (Real et al., 2005).   
In the study in Uruguay I found that several of the introduced of R. l. 
trifolii strains for annual clovers, such as WSM1325, WSM1328 and NA3039, 
not only competed well with the background population of R. l. trifolii in the first 
year, but displayed high saprophytic competence in the low pH soil, and 
nodulated T. purpureum (a Mediterranean clover) sufficiently well to promote 
excellent sward growth in the second year. Evaluation of nodule occupancies in 
the third year on the two hosts, T. purpureum and T. polymorphum, surprisingly 
revealed  in situ “selection” of nodule occupants to generate an effective 
symbiosis. This finding is in contrast to numerous published studies that report 
the absence of in situ selection for an effective symbiosis by clovers (Ireland CHAPTER 6 
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and Vincent, 1968; Brockwell et al., 1982; Denton et al., 2000, 2002). 
Nonetheless, a wider search of the literature revealed that some legumes may 
preferentially nodulate with an effective symbiotic partner (refer to Table 1.1), 
and it is likely that particular edaphic or experimental conditions are important in 
the manifestation of the selection of an effective micro-symbiont. 
In Australia, I reproduced in situ selection phenomenon noted in 
Uruguay, in glasshouse-based experiments. In co-inoculation experiments, I 
found that when exposed to a mixed inocula at a combined density of 10
4 cells 
mL
-1, each host nodulated solely with its effective strain, even when this strain 
was out-numbered by 100: 1 by the ineffective strain (refer to Table 5.2). 
However, the selection process could not be completely sustained when the 
effective strain was out-numbered 1000: 1. The results indicated that selection 
for nodule occupancy was highly dependent upon the total rhizobial cell density. 
For example, in experiments at higher cell concentrations of 10
5 - 10
8 cells mL
-1, 
selection for WSM1325 to form effective nodules on T. purpureum was evident, 
but was significantly reduced as the ratio of ineffective cells in the inoculum 
increased above 4: 1.  
It would be prudent in future studies to follow the relationship of the 
percentage of ineffective nodules for every 10-fold increase in total rhizobial cell 
number (at a constant ratio of effective: ineffective), to provide a more 
comprehensive understanding of the selection phenomenon. The finding that 
ineffective nodulation was more frequent at high cell numbers is consistent with 
previous work that has demonstrated ineffective nodulation in clovers grown in 
fertile soils containing more than 10
5 cells g
-1 soil (Ireland and Vincent, 1968; 
Roughly et al., 1976, Thies et al., 1991; Slattery and Coventry, 1999; Denton et 
al., 2000). I proposed in this thesis that selection for effective R. l. trifolii in CHAPTER 6 
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symbiosis with clovers is possible in infertile soils that typically contain lower 
numbers of rhizobia. This hypothesis is strengthened by reports from other 
authors that can be interpreted as evidence for selective nodulation in acid, less 
fertile environments where rhizobial numbers were less than 10
4 g
-1 soil 
(Holland, 1966; Robinson, 1969b; Roughley et al., 1976; Brockwell et al., 1982; 
Valdivia et al., 1988). However, further investigation is required to validate this 
hypothesis as most references describing selection (Table 1.1) do not record 
the numbers of ineffective rhizobia present.  
Of the numerous legume-rhizobia competition studies that have been 
performed, only a small proportion considered or described a selection 
phenomenon (Table 1.1). Thus, it follows that the selection phenomenon might 
require a certain set of conditions to be present, particularly in the rhizosphere. 
Furthermore, research into “selection” for effective symbioses between legume 
hosts and micro-symbionts is clouded by a lack of uniformity of terms describing 
the process. Authors have used different terms, such as “selection” (Robinson 
et al., 1969a; Russell and Jones, 1975), or “preference” (Hardarson and Jones, 
1979a; Hardarson et al., 1982b) or “partner choice” (Simms and Taylor, 2002), 
to describe the same phenomenon. Further, on occasions where data seems to 
indicate an active selection process, authors have not commented that the 
phenomenon is present. Denton et al. (2003) provided evidence of selection for 
effective clover nodulation, where seed-applied TA1 occupied nearly 50 percent 
of nodules when outnumbered 1:10 by an ineffective strain in the soil. Bottomley 
(1992) cites reports which he contended did not support the concept of 
selection for effective symbioses, i.e. Nicol and Thornton (1941), Vincent and 
Waters (1953). Yet another interpretation of these data could suggest that 
selection was evident in some of the experiments reported. In Table 2 of Nicol CHAPTER 6 
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and Thornton (1941), effective strains A and W produced optimal plant growth 
when combined with ineffective strain C, indicating selection for one of the 
effective strains.  
The term “competition” in relation to legume nodulation by rhizobia has 
been loosely defined in the past. There is a need to provide greater precision in 
the terminology applied to the concepts of competition, selection, exclusion, 
preference, and restriction in environments where legumes have a choice of 
micro-symbiotic partners within the same species of root-nodule bacteria. In 
other words, we need to describe more specifically nodulation outcomes where 
the legume has the opportunity to nodulate with strains from within a pool that 
are representative of a single rhizobial species. The first suggestion is to 
separate “competition” from the other terms, primarily as competition is used in 
many contexts. Competition is global and can be discussed entirely as a non-
rhizosphere event, i.e., in the absence of nodulation. Table 6.1 lists a range of 
terminologies that have been applied in the past to nodulation events, and 
provides a preferred term to describe each type of symbiotic interaction.  
The preferred terms nominated are “non-selective”, “exclusive”, and 
“selective” nodulation, and these are defined more fully below.  
 
(i) Non-selective  nodulation occurs when both partners are receptive, 
and genetically compatible, but exert no preference in the nodulation 
process. It is a random association (within the context of 
legume/rhizobial associations), with no apparent selection or exclusion 
from within the pool of strains able to nodulate the host. The resultant 
symbiosis could be linked to numerical supremacy and express a range 
of effectiveness levels. Figure 6.1 illustrates conceptually non-selective CHAPTER 6 
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nodulation between an effective and ineffective strain inoculated on to a 
legume host at differing ratios.  
 
 
Table 6.1   Terminology previously applied to nodulation events where legumes have a 
choice of micro-symbiotic partners within the same species of root-nodule 
bacteria. Column three provides a suggested preferred term with which to 
group these events 
 
Term used in study  References Term Nominated
Competition  Vincent (1954)  “Non-selective nodulation” 
Competition  Roughley et al. (1976)   
Competition  Brockwell et al. (1982)   
Competition  Brockwell et al. (1995)   
Competition  Slattery and Coventry (1993)   
Promiscuous Mpepereki  et  al.  (2000)   
Competition Brockwell  (2001)   
    
Lack of genes  Gibson (1968)  “Exclusive nodulation” 
Host specificity  Lie et al. (1978)   
Host specificity  Materon and Vincent (1980)   
Blocking  Broughton et al. (1982)   
Restriction / Exclusion  Cregan and Keyser (1986)   
Restriction  Sadowsky et al. (1987)   
Restriction  Sadowsky and Cregan (1992)   
Restriction  Ferrey et al. (1994)   
Restriction  Lohrke et al. (1995)   
Restriction  Sadowsky et al. (1995)   
Exclusion  Howieson and Ballard (2004)   
    
Selection  Robinson et al (1969a)  “Selective nodulation” 
Selection  Masterson and Sherwood (1974)   
Selection  Russell and Jones (1975)   
Preference  Hardarson and Jones (1979a)   
Preference  Jones and Hardarson (1979)   
Preference  Hardarson et al. (1982a)   
Rhizopine concept  Murphy et al. (1995)   
Kin selection  Simms and Bever (1998)   
Kin selection  Denison (2000)   
Partner-choice  Simms and Taylor (2002)   
Preference  Aguilar et al. (2004)   
Kin selection  Kiers et al. (2008)   
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Figure 6.1.  Conceptual diagram of nodule occupancy of a compatible host 
when inoculated with mixtures of strain A (effective) and strain B 
(ineffective) when displaying non-selective nodulation. 
 
(ii) Exclusive  nodulation is where either the micro-symbiont or host (or 
both) may have a specific gene or genes that allows nodulation for some 
strains but not others. Without the required gene or gene products, 
nodulation cannot proceed. Under normal circumstances compatibility 
for nodulation would be expected. Exclusive nodulation represents a 
second order of genetic compatibility, where the molecular “key” is 
required to be more refined, or evolved, to open the nodulation “lock” 
(Spaink, 1994; Denarie et al., 1996; Long, 1996; Downie and Parniske, 
2002; Parniske and Downie, 2003). Examples are the nodulation of 
Afghanistan pea only with R. l. viceae strains possessing NodX (Davis 
et al., 1988) and Woogenellup sub clover unable to nodulate with TA1, CHAPTER 6 
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whereas it will nodulate with many other strains of R. l. trifolii (Gibson, 
1968).  
 
(iii) Selective  nodulation describes an active phenomenon between 
receptive partners that results in the union of effective N2 fixing macro- 
and micro-symbionts. It has been described in the experiments of 
Robinson et al. (1969a), Russell and Jones (1975), and Jones and 
Hardarson (1979). Selective nodulation is likely to be entirely a 
rhizosphere and early infection event and may be the result of factors 
such as strain growth rate on rhizosphere substrates, communication via 
signal recognition, and attachment events. Selective nodulation may be 
mediated by subtle differences in the efficiency of the interaction 
between various forms of NodD proteins and different legume exudates. 
It appears to be more apparent where total rhizobial numbers (of the 
same species) are relatively low, which may allow legume hosts to 
develop specific recognition systems which ‘filter’ or discourage 
unwanted symbionts. However, at higher total numbers of rhizobia 
numbers the efficiency of ‘filtering’ is decreased and it appears the 
signaling process is partially ‘blocked’ (Figure 6.2). This study revealed 
that cell populations < 10
4  cells g
-1 soil enabled this non-random, 
preferential nodulation characteristic to be expressed strongly.  
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Selective nodulation
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Figure 6.2.  Representation of the combined results collated from this study 
displaying the nodule occupancy of T. purpureum when 
inoculated with mixtures of strain A (effective) and strain B 
(ineffective) with the total number of cells in the inoculum was at 
10
4 or >10
5 cells mL
-1. 
 
In Chapter 5 I demonstrated that sequences of the NodD  proteins of 
WSM1325 and WSM2304 were divergent and located in separate phylogenetic 
clusters. Further, Aguilera (2004) has shown that the type of NodC protein 
produced may affect selection outcomes in the symbiosis between beans and 
Rhizobium etli. In light of this, a closer examination of the nodN to nodC gene 
region of WSM1325 and WSM2304 from the recently available genome 
sequences revealed the presence of a nodR gene in WSM1325 
(http://www.ncbi.nlm.nih.gov/sites/entrez?Db=genomeprj&cmd=ShowDetailView
&TermToSearch=20097) that was absent from the genome of WSM2304 
(http://www.ncbi.nlm.nih.gov/sites/entrez?Db=genomeprj&cmd=ShowDetailView
&TermToSearch=20179). This may explain the difference in host range and CHAPTER 6 
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effectiveness between these two strains and perhaps also a mechanism for the 
selection phenomen. Thus, I propose that the symbiotic incompatibility 
observed between Trifolium hosts and micro-symbionts derived from different 
geographical locations may be a consequence of the presence or absence of 
genes in the nod operon, such as nodR. It would be interesting to examine 
clover isolates from geographically distinct regions more extensively for the 
presence or absence of nodR to determine if there is a correlation with clover 
nodulation phenotype. 
  The substantial barriers to effective nodulation observed between clover 
hosts and their micro-symbionts may present a challenge to developing inocula 
for perennial clovers, especially those from Africa or America, that do not 
adversely affect N2 fixation by sub clover and other annual clovers that originate 
from the Mediterranean basin and form an important foundation for Australian 
agriculture. The value of introducing inoculants for African and American 
perennial clovers into the Australian wheat/sheep agricultural soils is perhaps 
outweighed by their potential to compromise the established (and highly 
beneficial) production base from annual clovers. As shown in the Chapter 5 
glasshouse experiments, shoot dry weights of effectively nodulated clover 
plants were reduced when even a few ineffective nodules were present. Similar 
results have been reported by other authors (Ireland and Vincent, 1968; 
Robinson, 1969a; Jones and Russell, 1972; Labandera and Vincent, 1975). 
This must be considered when interpreting the data that show, under certain 
circumstances (such as relatively low rhizobial numbers in the soil), an inherent 
legume-Rhizobium “selection” process could help mitigate the development of 
sub-optimal symbioses. Much of the evidence for selection reported here was 
obtained from in situ field studies conducted in Uruguay. Hence, validation of CHAPTER 6 
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the results is required in order to judge its applicability within Australian 
agricultural regions.  
 
6.2  Future work: Exploring the basis of incompatibility 
between annual and perennial clovers and their micro-
symbionts 
Further investigation is essential to better understand the genetic 
determinants of incompatibility for specific nodulation outcomes and N2 fixation 
between clover hosts and R. l. trifolii micro-symbionts. The research presented 
in this thesis has revealed that although the 16S rRNA sequences for strains 
WSM1325 and WSM2304 were identical, they have notable differences in their 
symbiotic and chromosomal replicons as shown by comparative examination of 
the atpD, GSII, and nodD gene sequences. Further studies will benefit from the 
availability of the complete genome sequence of R. l. trifolii 
(http://www.ncbi.nlm.nih.gov/sites/entrez?Db=genomeprj&cmd=ShowDetailView
&TermToSearch=20097). Indeed, the findings reported in this thesis 
strengthened a grant application (CRS) to fully sequence the genomes of 
WSM1325 and WSM2304 at the Joint Genome Institute (JGI) in the USA. The 
ever-increasing amount of sequence information publically available is now 
providing unique possibilities to explore the physiology and genetics of the 
clover micro-symbionts in significant detail. It is noteworthy that this information 
has already uncovered the finding that the nodR gene is present in the nod 
operon gene region of WSM1325 but not in that of WSM2304. Since NodR is 
known to be required for adding highly unsaturated fatty acyl groups onto the 
Nod-factor backbone (Sclaman et al., 2006), it can now be hypothesised that CHAPTER 6 
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the selection phenomen may in part, result from the differences in Nod-factor 
decoration. Importantly, the genomes used for comparative analyses of 
WSM1325 and WSM2304 were compiled from sequence reads of inserts 
cloned into the functional genomics vector pTH1522 (Cowie et al., 2006). Any 
gene can now be targeted for mutation or expression studies by conjugation of 
a particular plasmid into a wild-type strain. Using this approach, the effect of a 
null mutation in nodR, on its expressions can now be analysed. Such studies 
may elucidate whether nodR  is, in fact, required for host specific clover 
symbioses and the selection process, or whether other genes are required for 
these roles.  
  Additionally, researchers can now exploit the genome sequence 
information to further investigate the genetic control of nodulation outcomes in 
legumes in the sort of experiments listed in Table 6.1. Analyses can then be 
added to the substantial background knowledge available on molecular 
signaling during nodulation (Downie and Parniske, 2002). As an example, the 
construction of a Nod
+ Fix
- strain of WSM1325 (not affected in nodulation) could 
be used in co-inoculation experiments with the wild-type (Nod
+ Fix
+). Such a 
study, using isogenic strains, would reveal if an effective micro-symbiont (Fix
+) 
is actively selected for by the host, an issue that remains highly contentious 
(Franco and Vincent, 1976; Hahn and Studer, 1986; George and Roberts, 
1991). 
The full genome sequences of WSM1325 and WSM2304 can provide 
other research opportunities. As noted in Chapter 2, there are not many clover 
strains that can nodulate both annual and perennial clovers effectively, although 
this work revealed that a few Mediterranean strains do have this capacity. 
Importantly, WSM1325 forms N2 fixing symbiosis with most annual CHAPTER 6 
 
154 
Mediterranean clover species and several perennial Mediterranean clovers, 
such as T. repens (Table 4.5), and other commercial perennial clovers such as 
T. pratense and T. fragiferum. However, WSM1325 forms ineffective nodules on 
many other perennial clovers, such as T. polymorphum (Table 4.5), which is 
widespread in South America; and with the perennial clovers from North 
America. In contrast, WSM2304 fixes N2 with T. polymorphum (Figure 2.1), but 
not with the Mediterranean perennial clovers,  or with most of the perennial 
clovers from North America. The mechanisms involved with symbiotic 
incompatibility between Trifolium spp. and strains of R. l. trifolii from different 
centres of origin are poorly understood. It is envisaged that the full genome 
sequence information for these two strains will enable the genes required for 
nodulation and N2 fixation with annual and perennial clovers to be identified. 
Annotation of the genome sequences could be used to develop micro-arrays to 
investigate further the gene expression profiles of the two strains whem growing 
under different conditions and help to develop transcription profiles or 
‘transcriptomes’. The ability to create a snapshot of gene expression as a 
function of a specific stimulus, such as exposing the strains to root exudates, 
will be an immensely powerful research technique that could be used to 
investigate genetic compatibility and the selection phenomenon between 
clovers and their micro-symbionts highlighted in this thesis.  
In conclusion, the results indicated that, despite the selection 
phenomenon, it will be a substantial challenge to develop inocula for perennial 
clovers that do not adversely affect nitrogen fixation by annual clovers in 
commerce, especially if the perennial clovers originate from Africa or America. It 
was found by mapping the nod gene region of the two key R. l. trifolii strains, a 
potential cause for observed differences in host-strain compatibilities was the CHAPTER 6 
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presence or absence of the nodR gene. With the knowledge that there is 
unlikely to be discovered a strain with a natural broad-host range (Nod
+ Fix
+) to 
inoculate perennial clovers, future research could use the information from the 
sequenced genomes to construct a broad-host strain through genetic 
modification.  
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